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[bookmark: _Toc365542621]Abstract
This work aims at studying the excess noise characteristics of AlAsSb material and investigating the high speed properties of InGaAs/AlAsSb SAM APDs in optical communication. Current commercial InGaAs/InP APDs have been limited to low frequency operation, below 10 Gb/s, because scaling down of multiplication region thickness has reached its limit due to high tunnelling current. The new material AlAsSb has been shown to offer more promising performance in terms of negligible tunnelling current, excellent thermal stability and extremely low excess noise. 

The fabrication of AlAsSb and subsequent passivation methods are presented. Since AlAsSb oxidizes easily when exposed to air, different etchants were tested. A selective etching method has been shown to provide the best result for homojunction AlAsSb and InGaAs/AlAsSb APDs. SU-8 and BCB passivated InGaAs/AlAsSb APDs have negligible degradation compared to unpassivated devices. However removal of BCB residue still needs to be optimised if it is to be used in high speed APD fabrication. Therefore in this work SU-8 has been identified as the dielectric material for passivation because of its simple process. Procedures for fabrication of high speed InGaAs/AlAsSb APD have been developed.

The excess noise and avalanche gain of two thin homojunction AlAsSb p-i-n structures were characterised under pure injection (using 442 nm laser) and mix light injection (using 542 and 633 nm lasers). The absorption coefficient of AlAsSb was estimated from the linear interpolation of absorption coefficients of AlAs and AlSb. Both the gain and excess noise in the two structures indicated that the electron ionisation coefficient in AlAsSb is slightly higher than hole ionisation coefficient. Very low excess noise with an effective ionisation coefficient ratio keff corresponding to 0.05 was observed in a 230 nm thick AlAsSb p-i-n structure. 

An InGaAs/AlAsSb APD with a multiplication layer thickness of only 50 nm was studied to determine its temperature coefficient of breakdown Cbd, and compared to an InGaAs/InAlAs APD. Due to the relatively low doping in the charge sheet layers, the tunnelling current from the InGaAs absorption layer has been unavoidable. However using the linear extrapolation of 1/M to zero, very small Cbd of 8 mV/K was measured. This is lower than all the reported InGaAs/InAlAs and InGaAs/InP APDs. 

The bandwidth of an InGaAs/AlAsSb APD was studied on different devices with diameters from 25 to 250 µm. Gain close to 100 was measured on the smallest device with 25 µm diameter. However it was found to be partly contributed by edge breakdown. The bandwidth measured was ~ 3.4 GHz, independent of gain, suggesting that it is not limited by the avalanche process. As the avalanche limited bandwidth decreasing was not observed, a potential high gain bandwidth product > 327 GHz is plausible. The bandwidths of all the devices are mainly limited to the RC effect as the contact resistance still needs to be improved. The similar amplification of ~ 25 dB, obtained at 10 GHz and at 1 GHz confirms the InGaAs/AlAsSb is useful for high speed application. 
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hν					Photon energy
Eg					Energy bandgap
λ				Wavelength
λc				Cutoff wavelength
APD			Avalanche photodiode
SAM			Separate absorption multiplication
F				Excess noise factor
M				Multiplication factor
k				Ionisation coefficient ratio
keff				Effective ionisation coefficient ratio
α				Electron ionisation coefficient
β				Hole ionisation coefficient
w				Avalanche region width
PDF			Probability distribution function
BRC				RC limited bandwidth
tr				Transit time
Btr				Transit time limited bandwidth
τdiff				Diffusion time
Bdiff				Diffusion time limited bandwidth
GBP			Gain bandwidth product
IV				Current-voltage
CV				Capacitance-voltage
a				Absorption coefficient
P				Optical power
R				Reflectivity
RvT		 Theoretical responsivity
Rvm		 Measured responsivity			
Ethe			 Ionisation threshold energy for electron
Ethh			 Ionisation threshold energy for hole
E                                                     Electric field
Me                                                   Pure electron initiated gain
Mh                                                   Pure hole initiated gain
Cbd                                                  Temperature coefficient of breakdown voltage
Vbd		             Breakdown voltage
T				Temperature
Ni		                         Mean square noise current
Nc		                         Corrected noise power
NM		                         Measured noise power
B                                                     Effective noise bandwidth
Ipr		                         Primary current
de		Dead space for electron
dh		Dead space for hole
q	             Electron charge
Cj				Junction capacitance
εo				Vacuum permitivity
εr				Dielectric constant
dw		 Depletion width			
A				Device area
n				Ideality factor
Id		 Dark current
Io		 Saturation current	
kB				Boltzmann’s constant
Rs                                                    Series Resistance
Itunn			Tunnelling current
m*				Effective electron mass
h				Plank’s constant
V				Applied voltage
SMU		 Source measure unit
AC			 Alternating current
DC		             Direct current
LIA	             Lock-in Amplifier
Jgr		             Generation recombination current density
Jd		             Diffusion current density
L0		             Diffusion length of minority carrier
θsig		             Phase of measured signal
θref		             Phase of reference signal
Iph		             Photocurrent
TIA	             Transimpedence amplifier
TLM	             Transmission line model
Rsys		System resistance
Rc	             Contact resistance
Rsemiconductor	             Semiconductor resistance
GSG	             Ground signal ground
DUT	             Device under Test
MBE	             Molecular beam epitaxy
d	             Diameter
SEM			Scanning electron microscopy
ICP			Inductive coupled plasma
BCB			B-staged bisbenzocyclobutene
SI				Semi-insulating
ΔEc				Conduction band discontinuity
ks				Gradient of noise power versus photocurrent
SPAD			Single photon avalanche diode
N					  Phonon occupation number

					  Phonon energy
τalloy				  Average time between two alloy scattering events
l					  Lattice constant
σ					  Band nonparabolicity
SMC				  Simple Monte Carlo
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[bookmark: _Toc355794971][bookmark: _Toc365542625][bookmark: OLE_LINK62][bookmark: OLE_LINK65]Chapter 1 Introduction
[bookmark: _Toc355794972][bookmark: _Toc365542626]1.1 Fibre optical communication
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43]Due to the high demand for high speed and high capacity data transmission, optical fibre based communication has revolutionised the telecommunication industry. It offers many attractive features compared to traditional electrical transmission such as exceptionally low loss, low material cost and high data capacity since optical system yields much higher transmission frequency than metallic cable system. A conventional optical communication system is composed of optical transmitters (for realising electrical to optical signal conversion), optical amplifiers or repeaters, fibre cables and optical receivers (to convert optical signal back to electrical signal). A simplified optical communication system diagram is shown in Figure 1.1. The optical signal intensity is modulated with respect to the input signal and converted from electrical signal to optical signal by an optical transmitter which is either a semiconductor laser or light emitting diode. The optical signal is then transmitted along a fibre to the destination and is demodulated by photodetectors. The modulation/demodulation scheme employed in current fibre communication systems is called the intensity modulation/direct detection scheme. Sophisticated coherent modulation schemes such as Frequency Modulation (FM) and Phase Modulation (PM) are widely used and offer many advantages, such as greatly enhanced frequency selectivity and improved receiver sensitivity. Coherent modulation refers to any technique employing a non-linear mixing between two optical waves, one of these is an information-bearing signal and the other is a locally generated wave. The mixing of these waves is achieved via the use of a photodetector. The result of this process is a modulation of the detector photocurrent at a frequency equal to the difference between the frequencies of the two optical waves. This signal is called the intermediate frequency signal. The amplitude of the intermediate frequency signal is proportional to the product of the information-bearing signal and the locally generated wave signal and can be made arbitrarily large. Therefore, coherent detection provides a mechanism for overcoming the thermal noise and detector noise. 

The photodetector is a key component in an optical receiver and is one of the crucial elements that determine the overall system performance. For long distance optical signal transmission, the maximum transmission distance will be limited by the signal attenuation and dispersion loss. The attenuation loss has a wavelength dependent characteristic and the minimum attenuation optical window lies in the near infrared wavelengths around 1310 and 1550 nm, which are the wavelengths most commonly adopted in optical communication.

[image: ]

[bookmark: _Ref354133652]Figure 1.1 Optical communication system diagram

[bookmark: _Toc365542627]1.2 Photodetectors for optical communication
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The basic principle in a semiconductor photodetector is photoelectric effect by absorbing a photon with an energy hν that is larger than the bandgap Eg. The photoelectric effect includes the external and internal photoelectric effect. The external photoelectric effect is a phenomenon that photons strike on the surface of semiconductor and liberate electrons into the vacuum. The internal photoelectric effect works on the fact that a photon is absorbed and an electron is excited from valence band Ev to conduction band Ec and leaving a hole behind, creating an electron-hole pair as illustrated in Figure 1.2. Once the electrons are excited to the conduction band, both of the carriers (electrons and holes) can move freely in their respective energy bands. The conduction of electrical current in a photodetector is based on the flow of freely moving electrons and holes and consequently they contribute to the photocurrent. A photon with energy hν more than the bandgap (Eg) of the semiconductor can be absorbed, which is described by hν = hc/λ > Eg, where λ is the absorbed light wavelength, h is Plank’s constant and c is the light velocity in vacuum. In a flat band semiconductor with absence of electric field, the cutoff wavelength is defined by λc(µm) = hc/ Eg =1.24/ Eg(eV). 

[image: ]
[bookmark: _Ref354133741]Figure 1.2 Photo generation of an electron-hole pair in semiconductor

Photo detectors can be divided into two classes based on their operating principles. Photomultiplier tubes (PMTs) work on the external photoelectric effect and are superior in response speed and high sensitivity. They are essential in areas such as particle physics, astronomy and medical diagnostics. Photoconductors, phototransistors, p-i-n photodiodes and avalanche photodiodes are categorised as photodetectors utilising internal photoelectric effect. They have the advantage of a greatly reduced size allowing them to be used in optical communications. The details of various photodetectors are described as following.
[bookmark: _Toc365542628]1.2.1 Photomultiplier tubes (PMTs)
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]PMTs are very sensitive photodetectors with very low noise. Basically they are high vacuum glass tubes with a photosensitive surface (photocathode), electron multiplier and an output terminal. The incident photons strike on the photocathode, producing electrons due to external photoelectric effect. The electrons are directed by electrodes towards electron multiplier and are multiplied by second emission. PMTs can multiply the absorbed photocurrent by up to 100 million times. 

PMTs have very low dark current, which only comes from the thermionic emission from secondary emission surface and leakage current from electrode materials. A typical PMT has dark current less than 1 pA. By using the high gain in PMTs, the thermionic noise from the system can be virtually overcome. PMTs are useful under conditions requiring high gain, low noise and large area of photon collection. However they are not suitable for optical communication because they are bulky, fragile, requires high voltage (normally 1 to 2 kV) [[endnoteRef:2]] and too costly.  [2: [] Photomultiplier Tubes-Basics and Application. Third edition. Hamamatsu.2006.
] 


[bookmark: _Toc365542629]1.2.2 Photoconductors
Photoconductors are a slab of semiconductor material in either bulk or thin film form with ohmic contacts on each end. When incident light shines on the semiconductor surface, carriers (electrons and holes) are generated by band to band transitions. The bulk resistivity then decreases due to these additional carriers. By adjusting the applied voltage on the contacts, the photocurrent can be varied over a wide range. The gain in a photoconductor depends on the ratio of the carrier life time and transit time. High gain can be obtained with short electrode spacing distance and long carrier life time. Another effect responsible for gain is the minority carrier sweep out that under a moderate electric field, the electrons having a longer life time than holes, thus are swept out quickly and collected by the corresponding electrode during the transit time while holes are slower with a longer transit time. In order to maintain neutrality, more electrons are supplied from the electrode which is responsible for gain in a photoconductor. Photoconductors can provide an economic solution for many applications. They are low cost with a very simple structure and easy to manufacture, while the response time depends on the carrier decay time which limits its use in high frequency optical devices. 

[bookmark: _Toc365542630]1.2.3 Phototransistor
A phototransistor is basically a bipolar transistor operated by injecting light at the base-collector junction. Phototransistors are operated in the active region with the base disconnected as it is not necessary. The base current is supplied via optical signal and cause a small change in the potential drop across the base-emitter junction, causing a large injection of current in the forward biased base-emitter junction. It has much larger base and collector area to enlarge the absorption efficiency. Early phototransistors use Si or Ge homojunction structure; the more recent are using III-V materials or heterojunction to be able to apply in the desired wavelength range. They have the advantage of achieving high level of gain and a much lower level of noise. The main disadvantage of phototransistor is they don’t have good frequency response due to the large capacitance from the base-collector junction, since the junction area is designed to be very large to ensure high absorption efficiency. 

[bookmark: _Toc365542631]1.2.4 Metal-semiconductor-metal (MSM) photodetector
A metal-semiconductor-metal photodetector is two metal-semiconductor Schottky barrier diodes connected back to back. A bias voltage is applied on the metal contacts so that one diode is forward biased and the other is reverse biased. The photocurrent is at first increased with bias and then saturated because of the depleted region of the reverse biased Schottky diode. The semiconductor between the metal contacts is designed to have a thickness larger than the absorption length in order to maximise the absorption efficiency. The gain in an MSM photodetector is due to two reasons, one is from photoconductivity even at low applied bias. The photoconductive gain is enhanced by traps that may capture and re-emit either electrons or holes. In a MSM photodetector with a wide bandgap barrier enhanced layer [[endnoteRef:3]], gain occurs due to the photo generated holes accumulating near the cathode, increasing the field of the wide bandgap barrier enhanced layer and hence inducing a large electron tunnelling current.  [3: [] S. M. Sze, and K. K. Ng, Physics of Semiconductor Devices. Hoboken, New Jersey, Canada. John Wiley & Sons. 2007.
] 


MSM photodetectors have the advantage of high speed operation since the depletion region can be made to be very thin. But the drawback is the high dark current due to the back to back Schottky barrier junctions especially for narrow bandgap materials which would be used for long wavelength detection. 

[bookmark: _Toc365542632]1.2.5 p-i-n Photodiodes (PDs)
PMTs, photoconductors, phototransistors and MSMs are not suitable for optical communication because of the drawbacks discussed above. The most widely used photodetectors in optical communication systems are p-i-n photodiodes (PDs) and avalanche photodiodes (APDs) due to their compact sizes, high sensitivity and fast response. 

PDs are devices with unity gain. There is no internal gain in the devices so that optical amplifier before the photodetector is always needed. The most common structure for a PD is a p-i-n structure as shown in Figure 1.3, in which an intrinsic region is introduced between the p+ and n+ material. This increases the depletion width to optimise the quantum efficiency since the volume of the absorbent material significantly increases, and reduces the junction capacitance as it makes the junction wider. A p-i-n photodiode is normally reverse biased to fully deplete the intrinsic region to collect photo generated carriers. Once electrons and holes are generated in this region, they are swept to the n+and p+ side respectively by the electric field. The electric field is relatively constant in the intrinsic region because of the low doping. It is carefully chosen to be lower than the value needed for avalanche multiplication and sufficiently high to maintain the saturated drift velocity. 

The first generation of photodiodes used in optical communication is Si photodiode as Si is technologically the most mature material with low cost and high quantum efficiency > 80% at its peak wavelength around 800-900 nm. Si photodiodes are operated in the first optical window in early optical communication system. Its relatively large bandgap of 1.12 eV, corresponding to the absorption cutoff wavelength ~ 1.1 µm, hinders Si’s application atlonger wavelengths. GaAs material is another low cost material and covers the detection wavelength range as Si, and it can be also grown in large semi-insulating substrate. But due to the same limit in absorption wavelength as Si and it is incompatible with CMOS technology, it is used less extensively. As the evolution of transmission moves to 1300 and 1550 nm to take the advantage of low dispersion loss and attenuation, research was directed to photodetectors working at longer wavelengths. Ge is a good candidate and ideal for near infrared photo detection as it is cheap and has a narrow bandgap of 0.67 eV which is suitable for an absorption wavelength range of 0.8-1.7 µm. Recent advances in growth technology enabled growth of Ge p-i-n photodiodes on Si substrate [[endnoteRef:4]] and opened up a possibility of incorporation of Ge photodetectors in Si photonics integrated circuits. However, Ge photodiodes have exhibited a higher dark current level ~ 10-5 A/cm2 compared to Si and GaAs photodiodes. Another photodetector option based on the III-V technology, is In0.53Ga0.47As (hereafter referred to InGaAs) which can be grown on high quality InP substrate. InGaAs is a direct bandgap material and has strong absorption up to 1.7 µm. It is currently the preferred photodiode for optical communication.  [4: [] J. Wang, and S. Lee, Ge-Photodetectors for Si-Based Optoelectronic Integration, Sensors, vol. 11, pp: 696-718,2011.
] 


[image: ]
[bookmark: _Ref364960454]Figure 1.3 Electric field and photo generation profile of a p-i-n structure
[bookmark: _Toc365542633]1.2.6 Avalanche photodiodes (APDs)
APDs are operated under high electric field such that the carriers are accelerating and gaining kinetic energy while drifting. When they have sufficiently high energies they can create new electron hole pairs through impact ionisation, producing an internal gain. APDs are more useful in detecting weak signal compared to p-i-n PDs due to the internal gain mechanism. A common APD structure, known as separate absorption multiplication (SAM) APD and its electric field profile are shown in Figure 1.4. The light is absorbed in the lowly doped absorption region. In a similar way to PDs, photo-generated electrons and holes are separated and swept to p+ and n+ contact layers. The charge sheet layer is a highly doped thin region used to build up high electric field in the multiplication region and maintain low electric field in the absorption region. One of the disadvantages of APDs compared to PDs is that the avalanche process has a random nature that introduces excess avalanche noise and the avalanche noise increases with gain. This is a result of randomness in the ionisation probabilities of feedback electrons and holes that introduces fluctuation in the overall multiplication value. The excess noise increases with multiplication value and this prevents APDs from operating under very high gain due to the very high noise. Therefore, it is important to select materials which have low noise characteristics, for example using a material where only one type of carriers (electron or hole) initiates impact ionisation events. 

[bookmark: _Ref360152188]The early homojunction APDs used a n+-p-π-p+ reach through structure that by introducing a p-type region to achieve high electric field in n+-p junction such as Si APDs [[endnoteRef:5]]. And Si material is a low noise material which will not give high avalanche noise when operating at high gain. The III-V material InGaAs photodiodes are also quite extensively researched [[endnoteRef:6],[endnoteRef:7],[endnoteRef:8],[endnoteRef:9]] and become commercially available by companies such as Perkin Elmer, Hamamatsu and Thorlabs. But InGaAs is a narrow bandgap material, and shows high band to band tunnelling current at high electric field [[endnoteRef:10],[endnoteRef:11]] and hence is not suitable for the multiplication region. In order to suppress the high tunnelling current from the narrow bandgap material but maintain the high optical absorption in the optical window wavelength range, a more sophisticated APD structure known as the separate absorption multiplication (SAM) structure has been developed. This incorporates a wide bandgap material as the multiplication region. A charge sheet layer, which is a layer with precisely controlled doping concentration and thickness, is introduced to achieve high electric field in the multiplication region aim for obtaining high avalanche gain and low electric field in the absorption region to avoid tunnelling current. The structure and the electric field in a SAM APD are illustrated in Figure 1.4. Commercial SAM APD is mostly based on the InGaAs/InP material system. This is the most mature technology for telecomm APDs[[endnoteRef:12],[endnoteRef:13],[endnoteRef:14]]. High quantum efficiency can be achieved by using InGaAs as the absorption region and also high speed operation by using very thin wide bandgap materials InP as the multiplication layer which is beneficial in avoiding tunnelling current.  [5: [] H. Melchior, A. R. Hartman, D. P. Schinke, T. E. Seidel, Planar Epitaxial Silicon Avalanche Photodiode.Bell System Technical Journal, vol. 57, no. 6: pp. 1791-1808,1978.
]  [6: [] V. F. Andrievski and S. A. Malyshev, High speed InGaAs photodetector modules for fibre optic communications. in High Performance Electron Devices for Microwave and Optoelectronic Applications, EDMO. 1997 Workshop on.
]  [7: [] R. F. Leheny, R. Nahory, M. Pollack, E. Beebe, J. DeWinter, Characterization of In0.53Ga0.47As photodiodes exhibiting low dark current and low junction capacitance.IEEE J. Quantum Electron, vol. 17, no. 2:pp. 227-231,1981.
]  [8: [] T. P. Lee, C. A. Burrus, A. G. Dentai, K. Ogawa, Small area InGaAs/InP p-i-n photodiodes: fabrication, characteristics and performance of devices in 274 Mb/s and 45 Mb/s lightwave receivers at 1.31 µm wavelength.Electron Lett., vol. 16, no. 4: pp. 155-156, 1980.
]  [9: []T. P. Pearsall, and M. Papuchon, The Ga0.47In0.53As homojunction photodiode-A new avalanche photodetector in the near infrared between 1.0 and 1.6 µm.Appl. Phys. Lett., vol. 33, no. 7: pp. 640-642,1978.
]  [10: [] J. S. Ng, J. P. R. David, G. J. Rees, Avalanche Breakdown Voltage of In0.53Ga0.47As.J. Appl. Phys., vol. 91, no. 8: pp. 5200-5202, Apr. 2002.
]  [11: [] P. Cinguino, F. Genova, C. Rigo, A. Stano, Low Dark Current InGaAs PIN Photodiodes Grown by Molecular Beam Epitaxy.Electron Lett., vol. 21, no. 4: pp. 139-140,Feb. 1985.
]  [12: [] K. S. Hyun, Y. Paek, Y. H. Kwon, I. Yun, E. H. Lee, High Speed and High Reliability InP/InGaAs Avalanche Photodiode for Optical Communications.Proc. of SPIE, vol.4999: pp. 130-137,2003.
]  [13: [] C. L. F. Ma, M. J. Deen, L. E. Tarof, Multiplication in Separate Absorption, Grading, Charge, and Multiplication InP-InGaAs Avalanche Photodiodes.IEEE J. Quantum Electron, vol. 31, no. 11: pp. 2078-2089,Nov.1995.
]  [14: [] K. Taguchi, T. Torikai, Y. Sugimoto, K. Makita, H. Ishihara, Planar Structure InP/InGaAsP/InGaAs Avalanche Photodiodes with Preferential Lateral Extended Guard Ring for 1.0-1.6 um Wavelenght Optical Communication Use. J. Lightwave. Tech., vol. 6, no. 11: pp. 1643-1655,Nov. 1988.
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[bookmark: _Ref354134039]Figure 1.4 Schematic SAM APD structure and its electric field profile

[bookmark: _Toc355794974][bookmark: _Toc365542634]1.3 Low noise APDs
The impact ionisation is a random process in most semiconductors, so that the gain has a distribution around its mean value under a given electric field. The gain fluctuation is usually characterised by the excess avalanche noise factor. In a local noise theory introduced by McIntyre [[endnoteRef:15]], the excess noise is related to the ionisation coefficient ratio k=α/β (or β/α) under pure electron (hole) injection, where α and β are ionisation coefficients of electron and hole. The lowest excess noise is obtained when k equals to 0. This is the traditional guiding principle in designing low noise APD. In addition to using a material with low value of k, exploiting the so called dead space effects [[endnoteRef:16]] has been proven to reduce the excess noise in very thin avalanche region. In this case the excess noise is significantly lower than that predicted using the local theory and for convenience, the apparent effective ionisation coefficient ratio, keff, is used to describe the excess noise performance in thin avalanche region. In this section a review of low noise SAM APDs is presented.  [15: [] R. J. McIntyre, Multiplication Noise in Uniform Avalanche Diodes. IEEE Trans. Electron Devices, vol. 13, no. 1: pp. 164-168,Jan. 1966.
]  [16: [] J. P. R. David, C. H. Tan, Material Considerations for Avalanche Photodiodes. IEEE J. Selected Topics in Quantum Electron, vol. 14, no. 4: pp. 998-1008, 2008.
] 


[bookmark: _Ref360152220][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Ref360153981]InGaAs/InP SAM APDs have InP as the multiplication region material. The excess noise in InP material has been studied extensively [[endnoteRef:17],[endnoteRef:18],[endnoteRef:19]]. Holes are the dominant carrier initiating avalanche in InP as electron ionisation coefficient is smaller than that of hole. Li [18] reported has corresponding to keff ~ 0.25 was measured on n-i-p InP photodiodes with w ~ 0.25 μm. According to their work, the dead space is effective in reducing the excess noise when the avalanche thickness decreased below 0.5 μm [[endnoteRef:20]]. Low noise InGaAs/InP SAM APDs have been reported with keff ~ 0.3-0.4 [[endnoteRef:21],[endnoteRef:22],[endnoteRef:23],[endnoteRef:24]] with submicron multiplication regions.  [17: [] C. A. Armiento, and S.H. Groves, Impact ionization in (100), (110), and (111) oriented InP avalanche photodiodes.Appl. Phys. Lett., vol. 43, no. 2: pp. 198-200,1983.
]  [18: [] L. W. Cook, G. E. Bulman, and G. E. Stillman, Electron and hole impact ionization coefficients in InP determined by photomultiplication measurements.Appl. Phys. Lett., vol. 40, no. 7: pp. 589-591,1982.
]  [19: [] K. F. Li, S. A. Plimmer, J. P. R. David, R. C. Tozer, G. J. Rees, P. N. Robson, C. C. Button, J. C. Clark, Low avalanche noise characteristics in thin InP p+-i-n+ diodes with electron initiated multiplication.IEEE Photon. Tech. Lett., vol. 11, no. 3: pp. 364-366,1999.
]  [20: [] P. Yuan, C. C. Hansing, K. A. Anselm, C. V. Lenox, H. Nie, A. K. Holmes, Jr. B. G. Streetman, J. C. Campbell. Impact Ionization Characteristics of III-V Semiconductors for a Wide Range of Multiplication Region Thickness, IEEE J. Quan. Electron.,vol. 36, no. 2: pp. 198-204,Feb. 2000.
]  [21: [] N. Susa, H. Nakagome, O. Mikami, H. Ando, H. Kanbe, New InGaAs/InP avalanche photodiode structure for the 1-1.6 µm wavelength region.IEEE J. Quantum Electron, vol. 16, no. 8: pp. 864-870,1980.
]  [22: [] J. C. Campbell, S. Chandrasekhar, W. T. Tsang, G. J. Qua, B. C. Johnson, Multiplication noise of wide-bandwidth InP/InGaAsP/InGaAs avalanche photodiodes.J. Lightwave Technology, vol. 7, no. 3: p. 473-478,1989.
]  [23: [] S. R. Forrest, G. F. Williams, O. K. Kim, R. G. Smith, Excess-noise and receiver sensitivity measurements of In0.53Ga0.47As/InP avalanche photodiodes.Electron Lett., vol. 17, no. 24: pp. 917-919,1981.
]  [24: [] F. Osaka, and T. Mikawa, Excess noise design of InP/GaInAsP/GaInAs avalanche photodiodes.IEEE J. Quantum Electron, vol. 22, no. 3: pp. 471-478,1986.
] 


[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: _Ref360154414][bookmark: _Ref360154723]In0.52Al0.48As (hereafter referred to as InAlAs) is another material that is lattice matched to InP and has been considered as a substitute to InP to achieve high sensitivity APD due to its larger band gap and more dissimilar ionisation coefficients. The impact ionisation coefficients rate β/α was first reported [[endnoteRef:25]] to be ~ 0.3-0.4 in the electric field ranging from 330 to 430 kV/cm. I.Wanatabe [[endnoteRef:26]] has also obtained keff of 0.3-0.5 in InAlAs APDs operated in the electric field range of 400-650 kV/cm. In InAlAs the electron ionisation coefficient is larger than hole ionisation coefficient, so that lower excess noise is produced with pure electron injection. The excess noise on thin InAlAs p-i-n structures has been reported by P. Yuan [19] and Y.L.Goh [[endnoteRef:27]] as well as modelled by M. A. Saleh [[endnoteRef:28]], Y.L.Goh [26] and Liew [[endnoteRef:29]]. These papers reported that when the avalanche width goes below 500 nm, the increasing dead space effect reduces the excess noise. The dead space constitutes around 15% of the avalanche width in the electric field range of 560-620 kV/cm [27]. Y.L. Goh [26] has studied a series of p-i-n InAlAs photodiodes with the avalanche width ranging from 0.1 to 2.5 μm. As the avalanche width increases, the excess noise first increases due to the convergence of  and at high electric fields, and then decreases because of the competing effects of dead space. The excess noise of InAlAs diodes for all avalanche region widths in Goh’s work is lower than all the best results from the reported InP diodes, with the ionisation coefficient ratio keff around ~ 0.2 achieved using a thick w = 1µm. With InGaAs combined with InAlAs in a SAM APD structure, the low noise has been exhibited with keff  ~ 0.15-0.2 [[endnoteRef:30],[endnoteRef:31],[endnoteRef:32]].  [25: [] F. Capasso, K. Mohammed, K. Alavi, A. Y. Cho, P. W. Foy, Impact ionization rates for electrons and holes in Al 0.48In 0.52As. Appl. Phys. Lett., vol. 45, no. 9: pp. 968-970,1984.
]  [26: [] I. Watanabe, T. Torikai, K. Makita, K. Fukushima, T. Uji, Impact ionization rates in (100) Al0.48In0.52As.IEEE Electron Device Lett., vol. 11, no. 10: pp. 437-438,1990.
]  [27: [] Y. L. Goh, A. R. J. Marshall, D. J. Massey, J. S. Ng, C. H. Tan, M. Hopkinson, J. P. R. David, S. K. Jones, C. C. Button, S. M. Pinches, Excess Avalanche Noise in In0.52Al0.48As.IEEE J. Quantum Electron. vol. 43, no. 6: pp. 503-507,2007.
]  [28: [] M. A. Saleh, M. M. Hayat, P. P. Sotirelis, A. L. Homes, J. C. Campbell, B. E. A. Saleh, M. C. Teich, Impact-ionization and noise characteristics of thin III-V avalanche photodiodes, IEEE Trans. Electron Devices, vol. 48, no. 12: pp. 2722-2731,2001.
]  [29: [] S. C. Liew Tat Mun, C. H. Tan, Y. L. Goh, A. R. J. Marshall, and J. P. R. David, Modelling of avalanche multiplication and excess noise factor in In0.52Al0.48As avalanche photodiodes using a simple Monte Carlo model. J. Appl. Phys., vol. 104:pp. 013114,2008.
]  [30: [] D. Ning, S. Wang, X. G. Zheng, X. Li, L. Ning, J. C. Campbell, W. Chad, L. A. Coldren, Detrimental effect of impact ionization in the absorption region on the frequency response and excess noise performance of InGaAs-InAlAs SACM avalanche photodiodes.IEEE J. Quantum Electron, vol. 41, no. 4: pp. 568-572,2005.
]  [31: [] N. Li, R. Sidhu, X. Li, M. Feng, X. Zheng, S. Wang, G. Karve, S. Deminguel, A. L. Holmes, J. C. Campbell, InGaAs/InAlAs avalanche photodiode with undepleted absorber.Appl. Phys. Lett., vol. 82, no. 13: pp. 2175-2177,2003.
]  [32: [] G. S. Kinsey, J. C. Campbell, and A. G. Dentai, Waveguide avalanche photodiode operating at 1.55 µm with a gain-bandwidth product of 320 GHz. IEEE Photon Tech. Lett., vol. 13, no. 8: pp. 842-844,2001.
] 


An attempt to combine the advantage of the very low noise characteristics of Si with InGaAs in an InGaAs/Si APDs was pursued via a wafer bonding techniques [[endnoteRef:33]]. The excess noise corresponding to keff ~ 0.02 [[endnoteRef:34]] was reported. However it has not been commercialised, most probably due to issues related to the quality of the bonded interface between InGaAs and Si. Using the same principle, a Ge absorption layer was grown on a Si multiplication layer [[endnoteRef:35]]. A low noise Ge/Si APD has been reported with the excess noise corresponding to keff ~ 0.08. However the dark current increases greatly, by around four orders of magnitude from the punch through voltage to breakdown voltage. Thus the fabrication and structure design needs to be optimised to reduce the dark current before the full potential of this approach can be realised.  [33: [] A. R. Hawkins, T. E. Reynolds, D. R. England, D. I. Babic, M. J. Mondry, K. Streubel, J. E. Bowers, Silicon heterointerface photodetector.Appl. Phys. Lett., vol. 68, no. 26: pp. 3692-3694,1996.
]  [34: [] M. Bitter, Z. Pan, S. Kristjansson, L. Boman, R. Boman, R. Gold, A. Pauchard, InGaAs-on-Si photodetectors for high-sensitivity detection. Proc. of SPIE. pp. 1-12,2004
]  [35: [] Y. Kang, H. D. Liu, M. Morese, M. J. Paniccia, Monolithic Germanium/Silicon Avalanche Photodiodes with 340 GHz Gain-bandwidth Product.Nature Photonics, vol. 3: pp. 59-63,Dec. 2008.
] 


InAs, with a narrow bandgap of 0.35 eV can absorb wavelength up to near infrared of 3.5 m, well within the optical communication wavelength range. In a simple pin structure a responsivity of 0.6 A/W [[endnoteRef:36]] was reported. The multiplication process in InAs APDs is entirely controlled by the impact ionisation of electrons so that they show extremely low excess noise below keff ~ 0, with F ~ 1.6 independent of avalanche gain. While it can provide the lowest excess noise factor, InAs has much higher bulk dark current at room temperature and needs optimisation in fabrication to reduce surface leakage current. In addition, the InAs substrate is much more expensive compared to the conventional InP substrate.  [36: [] P. J. Ker, Development of High Speed Low Noise InAs Electron Avalanche Photodiodes. PhD Thesis, University of Sheffield,UK, 2012.
] 


[bookmark: OLE_LINK29][bookmark: OLE_LINK30]AlAsSb, is lattice match to InP substrate and has low excess noise approaching that in Si APDs with keff ~ 0.05 in a 230 nm p-i-n homojunction [[endnoteRef:37]]. An InGaAs/AlAsSb SAM APD incorporating a 40 nm AlAsSb multiplication layer was demonstrated with keff ~ 0.15, slightly lower than an InGaAs/InAlAs APD with w of 100 nm [[endnoteRef:38]]. This has better excess noise performance than commercial low noise InGaAs/InP APDs, although not as low as InAs and Si APDs. Thus InGaAs/AlAsSb SAM APDs adopting very thin multiplication regions are promising for high speed operation. [37: [] J. Xie, S. Xie, R. C. Tozer, C. H. Tan, Excess Noise Characteristics of Thin AlAsSb APDs.IEEE Trans. Electron Devices, vol. 59, no. 5: pp. 1475-1479,2012.
]  [38: [] C. H. Tan, S. Xie, and J. Xie, Low Noise Avalanche Photodiodes Incorporating a 40 nm AlAsSb Avalanche Region.IEEE J. Quantum Electron, vol. 48, no. 1: pp. 36-41,2012.
] 

[bookmark: _Toc355794975][bookmark: _Toc365542635]1.4 Motivation
For high speed data transmission, the multiplication layer thickness has to be scaled down to reduce the carrier transit time to achieve short avalanche duration required for high frequency operation. In InGaAs/InP SAM APDs, when the multiplication layer thickness reduces below 200 nm, there is unavoidable band to band tunnelling current. InAlAs material is a wider band gap material that has a lower tunnelling current at a given field, enabling thinner multiplication region to be used before the dominance of tunnelling current. When the avalanche width thickness is reduced below 100 nm for InAlAs, the tunnelling current dominates [[endnoteRef:39]] which degrades the receiver sensitivity. In order to overcome the limitations of tunnelling current, a new wide bandgap material with lower tunnelling current is required. As discussed above, AlAsSb is a new wide bandgap material for APDs to be utilised in optical communication. This primary motivation has driven the study of AlAsSb APDs in this work, which includes fabrication optimisation, excess noise measurement, temperature dependence of gain and breakdown voltage measurements and frequency response characterisation.  [39: [] Y. L. Goh, D. J. Massey, A. R. J. Marshall, J. S. Ng, C. H. Tan, W. K. Ng, G. J. Rees, M. Hopkinson, J. P. R. David, S. K. Jones, Avalanche Multiplication in InAlAs. IEEE Trans. Electron Devices, vol. 54, no. 1: pp. 11-16,2007.] 


[bookmark: _Toc355794976][bookmark: _Toc365542636]1.5 Organisation of the thesis
The thesis is organised as follows:

Chapter 2 presents the basic theories that control the multiplication, excess noise, breakdown characteristics and the gain bandwidth product (GBP) in an APD. These theories were used to analyse measured results in chapters 5, 6 and 7.

Chapter 3 describes the details of all the experimental setup used for APD characterisation in terms of current-voltage (IV), capacitance-voltage (CV), photo-multiplication, excess noise measurements, frequency response and low temperature measurements (IV and avalanche gain). Measurement precautions described in this chapter were adopted to minimise measurement errors.

Chapter 4 outlines fabrication details on AlAsSb p-i-n homojunction and InGaAs/AlAsSb SAM APDs. The most critical part of the fabrication procedures is mesa etching, with different etching methods including wet chemical etching and dry etching presented. The wet chemical etching recipes on AlAs0.56Sb0.44studied in this chapter were initially developed. The surface morphology, etch profiles and IV characteristics were studied. Various etching recipes were explored to optimise the dark current performance. The passivation methods with different dielectric materials are described and the dark currents on passivated devices were compared. High speed APD fabrication details are also described. 

Chapter 5 presents the results and discussion of excess noise of two thin AlAsSb homojunction p-i-n structures. The absorption coefficients of AlAsSb on different wavelengths were estimated by interpolation of absorption coefficients from AlSb and AlAs. Extremely low excess noise, approaching those of Si APD, corresponding to keff ~ 0.05 was obtained. The ionisation coefficients of electron and hole were shown to be similar in these thin structures. Hence the low excess noise obtained is thought to be due to large dead space effects. 

Chapter 6 reports the temperature dependence of dark current and breakdown voltage on an InGaAs/AlAsSb avalanche photodiode and being compared to other InP based APDs such as InGaAs/InP and InGaAs/InAlAs APDs. A temperature coefficient of breakdown voltage as low as 8 mV/K was achieved. This very small temperature coefficient of breakdown voltage on the InGaAs/AlAsSb APDs offers a potential technology for next generation APD with high thermal stability. 

Chapter 7 reports the bandwidth results of an InGaAs/AlAsSb SAM APD. The frequency responses measured on different sizes are compared. The diode capacitance and contact resistance were extracted to estimate the RC limited bandwidths. The highest device bandwidth achieved was 327 GHz. However this was not limited to the avalanche effects as similar signal amplification factor was obtained at frequencies from 1 to 10 GHz. The measured gain in small diameter APDs was influenced by edge breakdown resulting in very high gain. Although not highly controllable, no bandwidth degradation was observed at this high gain, suggesting that a high gain bandwidth product exceeding 300 GHz may be achievable.

Finally in chapter 8 all the key results in this thesis are summarised and some suggestions for the future work are proposed. 

[bookmark: _Toc355794977][bookmark: _Toc365542637]Reference
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[bookmark: _Toc365542638][bookmark: _Toc355794978]Chapter 2 Background Theory
[bookmark: _Toc355794979][bookmark: _Toc365542639]2.1 Optical absorption in semiconductor
[bookmark: _Ref363376015]The light intensity absorbed in a semiconductor material reduces exponentially with the penetration depth as it is absorbed. When light passes through a semiconductor, the absorption process is described using an absorption coefficient a, and the absorption profile is given by [[endnoteRef:40]] [40: [] S. M. Sze, K. K. Ng, Physics of Semiconductor Devices. John Wiley & Sons, Inc., Hoboken, New Jersey. , 2007.
] 



(2.1)

where P0 is the optical power at the semiconductor surface, R is the reflectivity of light at normal incidence, x is the penetration depth and P(x) is the optical power at x. The photon absorption is strong if a photon can direct cause electron transition from valence band to conduction band. The transition requires both energy conservation and momentum conservation. A photon has an extremely small momentum compared to electron momentum and the transition of the electron is vertical in k-space and is only possible near the band edge in direct bandgap semiconductors. The absorption coefficient in a direct bandgap semiconductor can be given by


(2.2)

where hυ is the photon energy and Eg is the bandgap. The absorption coefficient is sharp at the bandedge. While it is a different case in indirect bandgap semiconductors where the transition is not vertical k-space and requires the assistance of a phonon to conserve the momentum. This absorption process involving phonons in indirect bandgap semiconductors is not as strong as absorption in direct bandgap semiconductors and takes the form of


(2.3)

[bookmark: _Ref360156659]The wavelength dependent absorption coefficients for various semiconductor materials are shown in Figure 2.1 [[endnoteRef:41]]. It can be seen that GaAs, InP and InGaAs all have a very sharp cutoff in their optical absorption as they are all direct bandgap materials that allow direct transition absorption. On the other hand Si and Ge have less sharp cutoff wavelengths since they are indirect bandgap materials. Since InGaAs and Ge have strong absorption in the optical communication windows, they are suitable absorption materials for the whole optical wavelength range in optical communication system.  [41: [] http://www.tf.uni-kiel.de/matwis/amat/semi_en/kap_5/backbone/r5_2_2.html.
] 


For some III-V semiconductor ternary alloys, they can be considered as a combination of two binary compounds with different compositions, and the absorption coefficient of the ternary alloy is dependent on the alloy composition. Evidence was found that there is an approximately linear dependence of absorption coefficient on the alloy composition, such as in AlGaAs [[endnoteRef:42]], InGaSb [[endnoteRef:43]] and InAsSb [[endnoteRef:44]].By linear interpolating the absorption coefficients of the two binary compounds on their compositions, the absorption coefficient of ternary compound could be estimated. [42: [] D. E. Aspnes, S. M. Kelso, R. A. Logan and R. Bhat, Optical Properties of AlxGa1-xAs.J. Appl. Phys, vol. 60, no. 2: pp. 754-767,Jul. 1986.
]  [43: [] R. Rousina, C. Halpin, and J. B. Webb, Growth and Characterization of In1-xGaxSb by metalorganic magnetron sputtering.J.Appl.Phys, vol. 68, no. 5: pp. 2181-2186, May. 1990.
]  [44: [] G. B. Stringfellow, P. E. Greene, Liquid Phase Epitaxial Growth of InAs1-xSbx.J. Electrochem.Soc., vol. 188, no. 5: pp. 805-810,1971.
] 
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[bookmark: _Ref354128402]Figure 2.1 Absorption coefficients for some common semiconductor photodiode materials; silicon (Si), germanium (Ge), gallium arsenide (GaAs), indium gallium arsenide (In0.53Ga0.47As) and indium phosphide (InP) [2] 

[bookmark: _Toc365542640]2.2 Responsivity
Responsivity is a measure of output photocurrent per input optical signal in a photodetector. It is wavelength dependent parameter, in a unity gain device, the theoretical responsivity at each wavelength can be described as following

[bookmark: _Ref360033633]                                               (2.4)

where λ is the wavelength of the absorbed light, and η is the quantum efficiency, defined as the number of generated electron-hole pairs per absorbed photon. Ideally the quantum efficiency is unity; the reduced quantum efficiency is mostly due to the incomplete absorption in a device or due to recombination of the photo-generated carriers.  The measured responsivity is obtained by taking the ratio of photocurrent Iph to the optical power, which is usually measured using a power meter. Hence the responsivity is denoted as


                                                      (2.5) 

In an APD, the measured responsivity Rvm can be higher than the RvT due to its internal gain. Hence the ratio of Rvm / RvT , can be used to estimate the gain at a particular voltage, such as at the punch-through voltage of a SAM-APD (see chapter 5).

[bookmark: _Toc365542641]2.3 Crystal structure and band structure in semiconductors
Many important III-V semiconductors such as GaAs or InP, have a zincblende structure as shown in Figure 2.2 (a). It consists of two group III and group V face centred lattices interpenetrating into each other. One lattice is displaced along its body diagonal by a quarter of its length, which results in each atom being surrounded by four equidistant nearest atoms which lie in the corner of a tetrahedron. When the two lattices are composed of the same type of atoms, zincblende structure will become a diamond structure, such as Si. In a ternary III-V semiconductor alloys AlAsxSb1-x, there are two types of group V atoms As and Sb, they are randomly distributed in the group V atom lattice with the ratio of x:1-x.Figure 2.2 (b) shows the Brillouin zone of a reciprocal lattice in k-space of a zincblende crystal lattice. It is a body centred cubic with centre point at Γ with three equivalent X points, four equivalent L points and four equivalent K points. This reciprocal lattice is important to visualise the energy-momentum (E-k) relationship when the wave vectors k are mapped into the coordinates of reciprocal lattice. 

[bookmark: _Ref363481054][bookmark: _Ref363480842]The band structure can be used to derive the energy-momentum relationship of the carriers in a lattice. Some important information concerning the potential in a crystal is contained in the energy band diagram such as the effective masses, energy bandgap and deformation potentials. Many of the electrical and optical properties of a semiconductor can be explained in terms of band structure. Therefore, the study of the band structure of a new material is essential. There are different theoretical calculation methods in obtaining the energy band diagrams of various materials, more details can be found in reference[1]. The major features of band structures are known for most III-V semiconductor compounds, but the detailed band structures are not established to the same degree as silicon and gallium arsenide.AlAsSb has wider bandgap than InP and InAlAs, its detailed band structure has not been fully studied before. However, it is a ternary alloy of AlSb and AlAs, of which the band structures have been derived [[endnoteRef:45],[endnoteRef:46]]. AlSb has been studied as being a potential material for high energy photon detection. It is an indirect bandgap material, and the calculated band structure is shown in Figure 2.3 (a), the minimum conduction band is at X valley with the bandgap of 1.6 eV [6]. Figure 2.3(b) shows the band structure of AlAs, calculated by a k×p method [7]. It is an indirect bandgap material with the ordering of X-L-Γ conduction band valley minima. The minimum bandgap is calculated as 2.19 eV. [45: [] J. H. Yee, S. P. Swierkowski, and J. W. Sherohman. AlSb as high-energy photon detector. IEEE Tran. Nuclear Sci., vol. 24, no. 4: pp. 1962-1967, Aug. 1977.
]  [46: [] N. Fraj, I. Saidi, S. B. Radhia, and K. Boujdaria. Band structures of AlAs, GaP, and SiGe alloys: A 30 k × p model. J. Appl. Phys., vol. 102, pp. 053703, 2007. 
] 


For all the ternary III-V semiconductor compounds, the dependence of energy bandgap on alloy composition is assumed to fit to the equation of [[endnoteRef:47]] [47: [] J. A. V. Vechten, T. K. Bergstresser. Electronic structures of semiconductor alloys. Phys. Rev. B, vol. 1, no. 8: pp. 3351-3358, Apr. 1970.
] 



(2.6)

[bookmark: _Ref364328839]where Cbow is the so called bowing parameter which accounts for the deviation from the linear interpolation between the bandgaps of the two binaries A and B. The bowing parameter is typically positive so that the alloy bandgap is smaller than the interpolation result and can be temperature dependent. Here we only focus on the parameter at room temperature. The recommended bowing parameter in AlAsSb for EgΓ, EgX, EgL are 0.8, 0.28 and 0.28 respectively [9]. The bandgap value of AlAs0.56Sb0.44 can be estimated from AlAs and AsSb [[endnoteRef:48]], as listed in Table 2.1. The minimum indirect X valley bandgap is calculated as 1.84 eV, while there is uncertainty in the bowing parameters that also introduces uncertainty in bandgap estimation of AlAs0.56Sb0.44. Responsivity measurements indicated that the cutoff wavelength of AlAs0.56Sb0.44 is around 750 nm which corresponding to the minimum bandgap of 1.65 eV.  [48: [] I. Vurgaftman, J. R. Meyer, L. R. Ram-Mohan. Band parameters for III-V compound semiconductors and their alloys. J. Appl. Phys., vol. 89, no. 11: pp 5815-5875, Jun. 2001.
] 


	
	AlAs (eV)
	AlSb (eV)
	Cbow
	AlAs0.56Sb0.44 (eV)

	EgΓ
	3
	2.3
	0.8
	2.49

	EgX
	2.16
	1.6
	0.28
	1.84

	EgL
	2.35
	2.21
	0.28
	2.22


[bookmark: _Ref363488569]Table 2.1 Bandgaps of estimated AlAs, AlSb and AlAs0.56Sb0.44
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[bookmark: _Ref363465823]Figure 2.2 (a) A primitive cell of zincblende crystal structure, (b) Brillouin zone for a zincblende structure
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[bookmark: _Ref363380209]Figure 2.3 Band structures of (a) AlSb and (b) AlAs
[bookmark: _Toc355794980][bookmark: _Toc365542642]2.4 Impact ionisation in avalanche photodiode
In carriers’ transportation at low electric field, electrons (holes) are flowing in the same band. The situation is different at high electric field. The free carriers gain energy from the electric field and phonon absorption, and lose energy in phonon emission and scattering with impurities and crystal defects. As briefly described in chapter 1 earlier, impact ionisation is a key mechanism in APDs operated under high electric field, because they gain energy faster from the electric field than lose energy. They continued gaining energy until they have sufficient energy in generating electron hole pairs through impact ionisation process. Figure 2.4shows an electron initiated and hole initiated impact ionisation process in a direct bandgap material. The electron (or hole) loses energy to create an electron hole pair, it promotes an electron from the valence band to the conduction band. The newly generated electron hole pairs and the original carriers will continue to gain energy from the high field, provided that the remaining high field region is sufficiently long, so that the carriers are multiplied and result in a high multiplied photocurrent. 
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[bookmark: _Ref354128472]Figure 2.4 Schematic diagram of an (a) electron initiated and (b) hole initiated impact ionisation process in a direct bandgap semiconductor material. 1 is the initial state of the original electron, and 1’, 2’ and 3’ are the subsequent final states

The minimum energy required to initiate an impact ionisation event is called threshold energy Eth. From Figure 2.4, the threshold energy Eth has to be ≥ Eg. However, in order to conserve energy and momentum, the minimum threshold energy is larger than bandgap energy. The determination of Eth largely depends on the detailed band structure [[endnoteRef:49]]. It is frequently taken as 1.5 times of Eg based on a parabolic energy band with equal electron and hole effective masses [[endnoteRef:50]]. Anderson and Crowell [[endnoteRef:51]] have developed a procedure to allow calculation of threshold energies with wave vector dependence. In reality, the energy band structure is complex which also complicated the derivation of threshold energy. Therefore, the threshold energy Eth was always treated as an adjustable parameter to fit experimental results.  [49: [] J. R. Hauser. Threshold energy for avalanche multiplication in semiconductors. J. Appl. Phys., vol. 37, no. 2: pp. 507-509, 1966.
]  [50: [] P. A. Wolff, Theory of Electron Multiplication in Silicon and Germanium.Phys. Rev., vol. 95, no. 6: pp. 1415-1420,1954.
]  [51: [] C. L. Anderson, C. R. Crowell, Threshold Energies for Electron-Hole Pair Production by Impact Ionization in Semiconductors.Phys. Rev. B, vol. 5, no. 6: pp. 2267-2272, 1972.
] 


[bookmark: _Toc355794981][bookmark: _Toc365542643]2.4.1 Avalanche gain and breakdown
[bookmark: _Ref364870977]The impact ionisation properties are described by ionisation coefficient α for electrons and β for holes. They represent the reciprocal of average distance a carrier travels along the electric field before initiating an impact ionisation event. α and β are strongly dependent on electric field and they are often described by the standard equation [[endnoteRef:52],[endnoteRef:53]] [52: [] M. A. Saleh, M. M. Hayat, P. P. Sotirelis, A. L. Holmes, J. C. Campbell, B. E. A. Saleh, M. C.  Teich, Impact-ionization and noise characteristics of thin III-V avalanche photodiodes.IEEE Trans. Electron Devices, vol. 48, no. 12: pp. 2722-2731,2001.
]  [53: [] J. L. Moll, and N. Meyer, Secondary Multiplication in Silicon.Solid State Electron, vol. 3: pp. 155-161,1961.
] 



                                                    (2.7)


                              (2.8)

[bookmark: _Ref360157604]where E is the electric field, Ai(i=1,2), Bi(i=1,2) and Ci(i=1,2) are constant parameters that vary from material to material. The higher the electric field the larger the ionisation coefficients, which translates to more ionisation events per metre. A schematic illustration of avalanche process in a reverse biased p-i-n structure is shown in Figure 2.5. A photogenerated electron is injected into the high field region, and travels from x = 0 to w. Due to the avalanche process, there are five multiplied carriers at the output, yielding a multiplication factor of five. The detailed calculation of M can be found in [[endnoteRef:54]], based on the local model theory [[endnoteRef:55]].The position dependent equation of M for pure electron injected at x=0 is given by [54: [] G. E. Stillman, and C. M. Wolfe, Avalanche Photodiodes.Semiconductors and Semimetals, Academic Press, Inc, vol. 12: pp. 291-393,1977.
]  [55: [] R. J. McIntyre, Multiplication Noise in Uniform Avalanche Diodes. IEEE Trans. Electron Devices, vol. 13, no. 1: pp. 164-168,Jan. 1966.
] 

[bookmark: _Ref354132153]

  (2.9)


[bookmark: _Ref354132177]for pure hole injected at x=w,


                                    (2.10)

The average multiplication for primary carriers generated at position x is given by


[bookmark: _Ref360080624].                           (2.11)

When the electric field is constant across the high field region, α and β are independent of the position, so that equation2.9, 2.10 and 2.11 can be simplified to

                                                   (2.12)
                                                   (2.13)

                                                     (2.14)

[image: ]
[bookmark: _Ref354132325]Figure 2.5 Illustration of an avalanche process from an electron injected into a high field region. Closed symbols represent electrons and open symbols represent holes

Under sufficiently high electric field, breakdown occurs as the carriers scatter with atoms, the number of overall carriers multiplied continuously and results in infinite current. The avalanche breakdown voltage is defined at the voltage that the gain is infinite (when the denominators in equations 2.12 and 2.13 are zero). If α = β, equation 2.12 is simplified to 


                                                        (2.15)

The avalanche breakdown occurs when 1-αw = 0.

If β = 0, equation 2.12 can be transformed into


                                                 (2.16)

There is no avalanche breakdown in such case, like InAs material [[endnoteRef:56]]. [56: [] A. R. Marshall, The InAs electron avalanche photodiode and the influence of thin avalanche photodiodes on receiver sensitivity. PhD Thesis, University of Sheffield,UK, 2009.
] 


From the equations2.12 and 2.14, it can be seen that the ionisation coefficients can be derived from measured gain values. Therefore in practice the pure electron and pure hole initiated multiplication factors are measured across a wide range of electric fields to derive the ionisation coefficients. It addition to the dependence on electric field, the impact ionisation in semiconductors is known to depend on temperature too [[endnoteRef:57],[endnoteRef:58],22]. Therefore it is clear that the breakdown voltage Vbd of an avalanche photodiode also has a temperature dependent characteristic. This is because in addition to impact ionisation scattering, the carriers are also affected phonon scattering mechanism [[endnoteRef:59]] as they gain and lose energy through phonon absorption and phonon emission. The average number of phonons n in crystal with phonon energy hwis given by [57: [] C. N. Harrison, J. P. R. David, M. Hopkinson, and G. J. Rees. Temperature dependence of avalanche multiplication in submicron Al0.6Ga0.4As diodes. J. Appl. Phys., vol. 92, no. 12: pp. 7684-7686, Dec. 2002.
]  [58: [] K. Taguchi, T. Torikai, Y. Sugimoto, K. Makita, and H. Ishihara. Temperature dependence of impact ionization coefficients in InP. J. Appl. Phys., vol. 59, no. 2: pp. 476-481, Jan, 1986.
]  [59: [] C. R. Crowell, and S. M. Sze, Temperature Dependence of Avalanche Multiplication in Semiconductors.Appl. Phys. Lett., vol. 9, no. 6: pp. 242-244,1966.
] 


    (2.17)

where kB is the Boltzmann’s constant and T is the absolute temperature. The phonon absorption scattering rate is proportional to n and the phonon emission scattering rate is proportional to n+1 so that carriers lose more energy via phonon emission scattering. As the temperature increases, the phonon scattering increases since more phonons are involved, resulting in reduction of impact ionisation scattering. This leads to a shift of breakdown voltage to higher bias at high temperature because a higher electric field is required to reach breakdown. Most medium and large bandgap materials have this positive temperature dependence of avalanche breakdown. The temperature coefficient of breakdown voltage Cbd is used to describe the temperature dependence and is defined as

                                                        (2.18)

[bookmark: _Ref363564301]The above equation to derive Cbd is applicable when breakdown voltage is increasing linearly with temperature. However, the dependence of breakdown voltage on temperature is not always linear especially at low temperatures as the breakdown tends to saturate [[endnoteRef:60],[endnoteRef:61],[endnoteRef:62]]. This is because of the saturation of phonon occupation number n at low temperature so that the impact ionisation is less affected by temperature. While at higher temperature, the breakdown voltage is approximately linear increasing with temperature and the equation 2.18 is valid. [60: [] C. Groves, C. N. Harrison, J. P. R. David, G. J. Rees, Temperature dependence of breakdown voltage in AlxGa1-xAs. J. Appl. Phys., vol. 96, no. 9: pp. 5017-5019,2004.
]  [61: [] C. Groves, R. Ghin, J. P. R. David, and G. J. Rees, Temperature Dependence of Impact Ionization in GaAs.IEEE Trans. Electron Devices, vol. 50, no. 10: pp.2027-2031,2003.
]  [62: [] D. J. Massey, J. P. R. David, and G. J. Rees, Temperature Dependence of Impact Ionization in Submicrometer Silicon Devices. IEEE Trans. Electron Devices, vol. 53, no. 9: pp.2328-2334,2006.
] 


[bookmark: _Toc355794982][bookmark: _Toc365542644]2.4.2 Multiplication noise
The impact ionisation process is a stochastic process, which leads to the multiplication fluctuating around its mean value <M>. In addition to shot noise, there is randomness in the position where a primary carrier triggers an impact ionisation event and in the impact ionisation path length. This produces a distribution of multiplication around its mean value, and can be characterised as excess noise factor F, which is described by

                                                       (2.19)

The mean square noise current is given by

                                       (2.20)

where Ipr is the primary current and B is the measurement bandwidth. In the McIntyre’s [16] local model when an avalanche photodiode has a long avalanche region, in an electron initiated situation, k = β/α, the excess noise can be described as

                                     (2.21)

Small k value (or very dissimilar α and β) is advantageous for a material to achieve low excess noise. It yields a low fluctuation of multiplication if the initiated carrier has a higher ionisation probability. At very high electric fields such as in very thin avalanche region photodiodes, the ionisation coefficients ratio k approaches unity and may introduce high multiplication noise. Fortunately in reality, this is not the case, as it is found that in very thin avalanche region, low noise could still be achieved [[endnoteRef:63],[endnoteRef:64],[endnoteRef:65]] because of dead space effect. This proves that the local model is no longer applicable in predicting the excess noise in very thin avalanche photodiode, as it overestimates the excess noise. A non-local model with consideration of dead space should be adopted in studying thin APDs [[endnoteRef:66]].  [63: [] L. J. J. Tan, J. S. Ng, C. H. Tan, M. Hopkinson, J. P. R. David, Effect of Dead Space on Low-Field Avalanche Multiplication in InP.IEEE Trans. Electron Devices, vol. 54, no. 8: pp. 2051-2054,2007.
]  [64: [] K. F. Li, D. S. Ong, J. P. R. David, G. J. Rees, R. C. Tozer, P. N. Robson, R. Grey, Avalanche multiplication noise characteristics in thin GaAs p+-i-n+ diodes.IEEE Trans. Electron Devices, vol. 45, no. 10: pp. 2102-2107,1998.
]  [65: [] C. H. Tan, J. P. R. David, S. A. Plimmer, G. J. Rees, R. C. Tozer, R. Grey, Low multiplication noise thin Al0.6Ga0.4As avalanche photodiodes. IEEE Trans. Electron Devices, vol. 48, no. 7: pp. 1310-1317,2001.
]  [66: [] Y. Okuto, and C. R. Crowell. Ionization coefficients in semiconductors: A nonlocalized property. Phys. Rev. B, vol. 10, no. 10: pp. 4284-4296, 1974.
] 


[bookmark: _Toc365542645]2.4.3 Random path length (RPL) model
RPL model is a technique used to predict the mean gain and excess noise factor taking into account of dead space. We use itas a hard threshold dead space model by assuming no impact ionisation occurs within the dead space distance. Owing to the limitation of the local model, non-local models [[endnoteRef:67]] which accounted for dead space have been introduced to allow extraction of α and β. The dead space de (dh) is defined as the minimum distance that an electron (hole) has to travel before impact ionising, The random ionisation path length of an electron xe is described by its probability density function (PDF) Pe(xe) is given by [67: [] G. J. Rees, and J. P. R. David, Nonlocal impact ionization and avalanche multiplication. J. Appl. Phys. D, vol. 43, pp. 243001. 2010.
] 



[bookmark: _Ref360098392]                                 (2.22)

where α* is the ionisation coefficient after the dead space and de is the dead space. The integration  is the probability of a carrier undergoing impact ionisation at the position xe. A similar expression is made for holes by replacing α* by β*.A simple dead space estimation using the threshold energies, Ethe for electron and Ethh for hole, can be given by the following equations.

                                                         (2.23)
                                                         (2.24)

where q is the electron charge and E is the electric field. Conventionally α* can be deduced from the local ionisation coefficient α and the dead space as following


                                                     (2.25)
Using equation 2.22, the survival probability Se(xe) of an electron after travelling a distance xe is given by


                                     (2.26)

[bookmark: OLE_LINK20][bookmark: OLE_LINK21]By substituting Se(xe) to be a random number r between 0 and 1, xe could be derived as


                                                   (2.27)

The same expression also applies to the holes. Each injected carrier produces multiplied carriers with a multiplication factor M. The avalanche process is a stochastic process and the simulated multiplication value is taken by a mean gain after a total number of n trials, given by


                                               (2.28)

 And the average excess noise factor is given by


                                                (2.29)

When avalanche region width becomes thinner, dead space takes up a significant fraction of the avalanche region width. Developed models including dead space effect have predicted a reduction of excess noise [[endnoteRef:68],[endnoteRef:69],[endnoteRef:70]]. In submicron devices, the dead space takes a significant fraction of the avalanche region and the local ionisation length path, as such the ionisation events are more localised within the avalanche region reducing the spatial randomness of impact ionisation.  [68: [] B. E. A. Saleh, M. M. Hayat, and M. C. Teich, Effect of dead space on the excess noise factor and time response of avalanche photodiodes.IEEE Trans. Electron Devices, vol. 37, no. 9: pp. 1976-1984,1990.
]  [69: [] M. M. Hayat, B. E. A. Saleh, and M. C. Teich, Effect of dead space on gain and noise of double-carrier-multiplication avalanche photodiodes. IEEE Trans. Electron Devices, vol. 39, no. 3: pp. 546-552,1992.
]  [70: [] C. Hu, K. A. Anselm, B. G. Streetman, J. C. Campbell, Noise characteristics of thin multiplication region GaAs avalanche photodiodes.Appl. Phys. Lett., vol. 69, no. 24: pp. 3734-3736,1996.
] 


[bookmark: _Toc365542646]2.5 Device bandwidth
[bookmark: _Toc365542647]2.5.1 Bandwidth limited factors
High speed data transmission system requires a fast photodetector. The bandwidth of a device is usually defined as the frequency at which the signal is reduced by -3 dB. There are several factors which affect the bandwidth of an APD, RC limited time, carrier transit time, photocarrier diffusion time and avalanche limited time. 

RC limited bandwidth
The RC limited bandwidth is predominantly determined by the capacitance of the device that depends on the device capacitance and the contact resistance. Therefore it can be described as


                                                        (2.30)

where R is the series resistance in the device and Cj is the junction capacitance. In a reverse biased photodiode Cj drops with the bias as the depletion region width increases. Smaller devices suffer less from the RC limited effect as they have smaller capacitance values.

Transit time limited bandwidth
[bookmark: _Ref360625184]The photocarriers are generated in the depletion region and drift across the depletion width under the influence of the electric field. In most semiconductor photodiodes, the electric field in the depletion width is high enough so that the carriers are travelling at their saturated velocities. The time required for a carrier to transit across the depletion region is the carrier transit time, given by [[endnoteRef:71]] [71: [] J. M. Senior, Optical Fiber Communications: Principles and Practice (3 edn), Pearson Education, 2008.
] 



                                                               (2.31)
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]where vs is the saturated velocity of carriers travelling under high electric field. It is suggested that a thin layer is needed to achieve high speed response. By Fourier transforming the current pulse in one transit time, the maximum -3 dB bandwidth can be obtained. The transit time limited bandwidth is usually derived as being 0.707 times of the maximum amplitude and is given by [[endnoteRef:72]] [72: []J. E. Bowers, C. A. Burrus, Ultrawide-Band Long Wavelength p-i-n Photodetectors. J. Lightwave Tech., vol. LT-5, no. 10: pp. 1339-1350, Oct. 1987.
] 



(2.32)

At low gain and when the avalanche region is wide, the carrier transit time is dominant in determining an APD’s bandwidth. Naturally, adopting a thinner w is an efficient approach to reduce the carrier transit time. However, this is at the expense of a higher capacitance which increases RC time effect. 

Diffusion limited bandwidth
Photocarriers created outside the high field region can have diffusion time that is much longer than the carrier transit time. In order to have fast response, the photocarriers must be generated very close to the high field region to ensure the carrier diffusion time is short, this can be realised by carefully designing device structure. Ideally the light should be fully absorbed in the depletion region to achieve high quantum efficiency and the diffusion time is not an issue. In cases where the photodiode is not fully depleted and the edge of depletion region is far from the photocarriers generated region, the diffusion time can limit the bandwidth. The diffusion time is given by [32]


(2.33)

where x is the diffusion distance and Dc is the minority carrier diffusion coefficient. The diffusion time limited bandwidth is described by


(2.34)

Avalanche limited bandwidth
[bookmark: _Ref360620613][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK53]Avalanche limited bandwidth is the main limitation of an APD’s bandwidth at high gain due to feedback of carriers in building up the avalanche gain and the time required for the avalanche process to decay. This will limit the response time in an APD. As studied by Emmons [[endnoteRef:73]], a model was presented to simulate the bandwidth versus multiplication with different values of ionisation coefficient ratio β/α. Assuming the photocarriers’ diffusion is negligible, the -3 dB bandwidth is mainly limited by the avalanche duration time. The -3 dB bandwidth is decreasing with avalanche gain due to time required for the avalanche duration. Figure 2.6 shows the calculated -3 dB bandwidth versus avalanche gain results presented by Emmons. It is indicated that as β/α decreases, the avalanche gain is less effective in reducing the frequency response. A curve of M = β/α is superimposed on those curves. When M>β/α, the multiplication has little effect on the bandwidth as the bandwidth is largely determined by the transit time and is less dependent on gain. While when M<β/α, the bandwidth is decreasing with avalanche multiplication. The avalanche duration time τa is dependent on the value of ionisation coefficient ratio k= β/α, and is given by [[endnoteRef:74]] [73: [] R. B. Emmons, Avalanche-Photodiode Frequency Response. J. Appl. Phys., vol. 38, no. 9: pp. 3705-3714, Aug. 1967.
]  [74: [] J. Singh, Semiconductor Optoelectronics Physics and Technology, McGraw-Hill, Inc. Singapore, 1995. 
] 



(2.35)

where wa is the absorption layer thickness, M is the avalanche gain value, k is the ionisation coefficient ratio, w is the avalanche region thickness and vs is the saturated carrier velocity. It is important to note that at very large M, M/τa is a constant so that the gain bandwidth product has a constant value at very large gain. 
[image: ]
[bookmark: _Ref360613448]Figure 2.6 Modelling of -3 dB bandwidth versus multiplication with a function of ionisation coefficient ratio β/α in an APD [34]
[bookmark: _Toc355794983][bookmark: _Toc365542648]2.5.2 Gain-bandwidth product in SAM APDs
The gain-bandwidth product (GBP) for an avalanche photodiode is used to interpret the dependence of bandwidth, usually defined as the -3 dB bandwidth, on avalanche gain. In order to achieve an optimised GBP for a high speed APD, it is necessary to study the limiting factors which may affect the GBP values. A typical bandwidth dependence on avalanche gain in a SAM APD is illustrated in Figure 2.7 with three regions. As discussed in section 2.3, there are a few factors which will affect the overall bandwidth of a photodiode. 

Many APDs exhibit a sharp increase in bandwidth with avalanche gain as shown in the region I. Normally at low gain with M<5, this is probably due to the carrier slow diffusion time in undepleted absorption region. The electric field in the absorption region has not been optimised such that photocarriers are absorbed and slowly diffused into the multiplication region. As the electric field increases, the carriers’ velocity quickly build up which quickly increases the bandwidth. For well optimised APD structures, when the absorption region is fully depleted at punch through voltage, and the carriers’ velocity build up quickly, the increased bandwidth with avalanche gain is not observed.

In region II, the bandwidth is relatively constant for moderate gain values. This might due to two reasons, the first is the RC limited bandwidth since an APD has a voltage dependent capacitance and load resistance which is similar to a p-i-n photodiode. Therefore, the contact resistance as well as device and parasitic capacitances should be minimised to improve the bandwidth. The second reason is the transit time limited bandwidth. For a structure with a long absorption region and a thin multiplication region, the carriers are drifting through the long absorption layer at a much lower electric field than the multiplication region. To achieve very high bandwidth in the region II, the total carrier transit time should be reduced. Consequently a thinner absorption layer should be used, but this will lead to an increase in device capacitance. It is a trade-off between quantum efficiency, transit time limited bandwidth and RC bandwidth. 

In region III with high gain, the bandwidth starts to roll off since the avalanche duration (including build up and decay times) starts to dominate. To reduce the avalanche duration time, it is necessary to adopt a very thin avalanche region or a material with k = 0. As studied by Hayat et al [[endnoteRef:75]], the gain bandwidth product is approximately constant in region III, at a particular avalanche width. A constant gain-bandwidth product can be extracted from this region. [75: [] M. M. Hayat, O. Kwon, Y. Pan, P. Sotirelis, J. C. Campbell, B. E. A. Saleh, M. C. Teich. Gain-Bandwidth Characteristics of Thin Avalanche Photodiodes. IEEE Tran. Electron Devices, vol. 49, no. 5: pp. 770-781, May. 2002.
] 


[image: ]
[bookmark: _Ref354132734]Figure 2.7 A typical bandwidth characteristic versus avalanche gain in a InGaAs/InP SAM APD [[endnoteRef:76]] [76: [] S. Hwang, J. Shim, K. Yoo, A 10 Gb/s Planar in InGaAs/InP Avalanche Photodiode with a Thin Multiplication Layer Fabricated by Using Recess-Etching and Single-Diffusion Processes.J. Korean Phys. Soc., vol. 49, no. 1: pp. 253-260, 2006.] 




[bookmark: _Toc355794984][bookmark: _Toc365542649]Reference

[bookmark: _Toc360194831][bookmark: _Toc365542650][bookmark: _Toc355794985][bookmark: OLE_LINK39][bookmark: OLE_LINK59]Chapter 3 Experimental Techniques

This chapter describes the characterisation techniques used to evaluate APD performance under dark and light illuminated conditions, including current-voltage (IV), capacitance-voltage (CV), photo-multiplication, excess noise and frequency response measurement. The detailed measurement setup will be explained in the following sections. 

[bookmark: _Toc360194832][bookmark: _Toc365542651]3.1 Current-voltage measurement
A fundamental characteristic for an APD is the current-voltage (IV) characteristics, from which we can extract the breakdown voltage Vbd and the ideality factor n, and analyse the surface and bulk leakage current components. The IV measurements in this work were performed using a HP4140B picoammeter or a Keithley 236 source measure unit (SMU). 

Dark current Id is an important parameter in determining an APD’s performance under dark condition as it has to be as low as possible to reduce dark noise and ensure high signal to noise ratio. The dark current measurements were performed on devices with different sizes to determine whether the dark current is bulk or surface current dominant. If the dark currents scale with device perimeters, they indicate that the surface leakage current is dominant because the conducting paths formed along the device mesa surface. The surface leakage current is not desirable and should be minimised via appropriate etching and passivation procedures. The bulk dark current with applied bias V can be expressed by


(3.1)   
where Io is the saturation current, q is the electron charge, kB is Boltzmann’s constant, n is the ideality factor, Rs is the series resistance and T is the temperature. The series resistance Rs in an APD is unavoidable but needs to be reduced to as low as possible since it limits the bandwidth via the RC effects. In addition it reduces the actual voltage drop across the diodes when there is a large current, so that Rs should be minimised to allow high gain to be achieved. This can be done by choosing an appropriate metallisation scheme and annealing temperature to minimise the contact resistance. Ideality factor n in equation 3.1 indicates the dominant mechanism of diffusion or generation recombination current flowing through an APD with the value ranging from 1 to 2. If the ideality factor is close to 2, it reveals in the APD the generation recombination current is dominant which is due to traps in the bandgap and it’s not desired, so that efforts need to be made on improving the growth quality to minimise those traps. 

When the applied electric field is sufficiently high, as normally occur in APDs with very thin avalanche region width, band to band tunnelling current, which is undesirable in high performance APDs as it degrades the overall signal to noise ratio, can become significant. The tunnelling current in a semiconductor can be described by [[endnoteRef:77]] [77: [] S. R. Forrest, R. F. Leheny, R. E. Nahory, M. A. Pollack, In0.53Ga0.47As photodiodes with dark current limited by generation-recombination and tunneling.Appl. Phys. Lett., vol. 37, no. 3: pp. 322-325.1980.
] 


                                    (3.2)
where q is the electron charge, m* is the effective electron mass, E is the electric field, A is the device area, h is the Plank’s constant, Eg is the bandgap, and σT is a constant that depends on the detailed shape of the tunnelling barrier. The tunnelling process is a phenomenon in very thin diode that electrons can tunnel through the potential barrier from valence band to conduction without assistance of traps. In direct bandgap material, the electron can tunnel through without absorption or emission of phonons while in indirect bandgap material, it acquires interaction of phonons for momentum conservation. The band to band tunnelling current imposes a lower limit (when tunnelling current exceeds the dark current) to the avalanche region width and the performance of a device will be substantially degraded when its avalanche region width is below the limit. 

[bookmark: _Toc360194833][bookmark: _Toc365542652]3.2 Capacitance-voltage measurement
In an ideal p-i-n diode, assume depletion region width is negligible in the cladding layers. The associated capacitance due to the depleted space charge region is called junction capacitance Cj, which can be described as

 (3.3)
[bookmark: _Ref364963357]where ε0 is the vacuum permittivity, εr is the dielectric constant of the material, A is the device area and w is the depletion width. To estimate the thickness of the intrinsic region and the doping in the cladding layers, the modelled CV profile can be obtained by solving Poisson’s equation to fit experimental data. As a result, the CV measurement technique is useful in estimating the total depletion width, electric field profile, built in potential and doping profile at a given voltage. The detailed CV modelling algorithm can be found in [[endnoteRef:78]] and is included in appendix A. The capacitance-voltage measurement was carried out using a HP4257 LCR meter.  [78: [] C. H. Tan, Measurement of Excess Avalanche Noise in Sub-micron Si and Al0.6Ga0.4As Avalanche Photodiodes. University of Sheffield, UK, 2001.
] 


In this work, the capacitance measurements on devices with different sizes were performed to ensure that Cj/A is independent of device area, verifying negligible undercut problem that introduces error to A. A higher value of Cj/A for smaller devices indicates the areas for small devices are overestimated due to undercut of mesa during etching process. For p-i-n structures, the depletion width can be estimated from the capacitance profile. In the more complicated SAM APD structure, an example of CV profile of an InGaAs/AlAsSb SAM APD structure under reverse bias is shown in Figure 3.1. The capacitance is decreasing at lower bias as the depletion width is increasing and the capacitance suddenly dropped at the ‘punch through’ voltage which is corresponding to the absorption layer is fully depleted. After punch through voltage, the capacitance is constant since the structure is fully depleted and the depletion width has reached its maximum value. In practice defining the punch through voltage using CV technique is more reliable than IV measurement, as in some APD structures, the leakage current would mask the punch through voltage making it less obvious to observe from IV curves. 
[image: ]
[bookmark: _Ref364961026]Figure 3.1 Capacitance of an InGaAs/AlAsSb SAM APD structure
[bookmark: _Toc360194834][bookmark: _Toc365542653]3.3 Photo-multiplication measurement
The photo-multiplication measurement carried out in this work was based on a phase sensitive technique to distinguish the photocurrent from the dark current. The schematic of the photo-multiplication setup for measuring devices on wafer is shown in Figure 3.2. The optical signal illuminating the device was chopped at a frequency (180Hz) to induce an AC photocurrent signal. A source measure unit (SMU) was used to apply the bias across the device and the resistor. The AC photocurrent induces an AC voltage signal with the same frequency across the resistor. This voltage signal was fed into a lock-in amplifier (LIA), where the photocurrent can be accurately measured.

The value of the resistance in Figure 3.2in series with the device should be chosen appropriately so that the overall voltage applied on the device will not be affected by the small voltage drop across the resistor. Large resistance value yields stronger signal but it is not suitable if the dark current of the device is unacceptably high such that at high gain the potential drop across the large resistance will reduce the voltage across the APD. 

Ideally, the avalanche gain in a APD is independent of optical power. But in reality, some APDs show dependence on optical power, usually lower gain measured at high optical power. This may due to two reasons; the first is because the impact ionisation process is sensitive to temperature. High photocurrent generated by high optical power causes a local temperature increase in the APD. The increasing temperature will affect the gain at a particular bias. The second reason is the high optical signal injected large amount of carriers which will cause a modification of local electric field due to space charge effect. Therefore, it is worth checking and re-measuring one device under different optical powers to confirm the consistence of avalanche gain measured under different optical power. Care should be taken when heating effect is serious and a low optical power for measurement is always used when possible. 

Pure carrier injection is essential to produce gain data that can be easily analysed. In cases where pure electron and pure hole injections cannot be obtained, measuring the avalanche gain with pure injection and mix injection will provide a comparison between α and β. For example, by illuminating a p-i-n structure with different wavelengths to generate different absorption profiles, the relative magnitudes of  and  can be obtained. If α > β, the multiplication due to a long wavelength is lower than that due to a short wavelength, since there are more holes injected into the avalanche region to initiate the impact ionisation process. The primary holes with smaller ionisation coefficients, reduces the overall multiplication, and vice versa if α < β.  Figure 3.3 shows the measured avalanche gain of an AlAsSb p-i-n structure (full results described in chapter 5) under different wavelengths. It is necessary to measure with different wavelengths to confirm the injection is pure. In order to avoid mix injection with light absorbed from the sidewall, the focused beam spot should be small enough such that it is within the top optical window of the measured device. 

[image: ]

[bookmark: _Ref364961062]Figure 3.2 Photo-multiplication setup
[image: ]

[bookmark: _Ref363723284]Figure 3.3 Wavelength dependent of AlAsSb PIN2 (structure details in Appendix A)
The phase sensitive technique, adopted in the photo-multiplication measurement, requires a reference signal at a fixed frequency. This is used in the lock-in amplifier to generate a reference signal at the same frequency. The diagram illustrating the signals in a phase sensitive detection is shown in Figure 3.4. θsig and θref are the phases of the measured signal and the lock-in amplifier reference signal. The measured signal and lock-in amplifier reference signal have the expression as follows.  

                                         (3.4)
                                         (3.5)

Asig and Aref are the amplitudes of the measured signal and reference signals. The output of this phase sensitive detection is the product of the two sine waves, given by


 (3.6)

When the output Vo passed through a low pass filter, the AC component in equation 3.6 with the frequency at ωsig + ωref will be filtered out, leaving the low frequency component with frequency at ωsig - ωref. When ωsig = ωref, the output would be a DC signal Asig Aref cos(θsig - θref). Therefore, the measured signal with same frequency component to the reference signal will be isolated with output amplitude proportional to the measured signal amplitude. 

[image: ]
[bookmark: _Ref363660647]Figure 3.4 Diagram of phase sensitive technique

When the measured signal is a square wave with amplitude of Ap at frequency f, it can be considered to be sum of many harmonic sinusoid waves at multiples off as

                          (3.7)
The first sinusoid wave component will be measured and displayed in its RMS value of 2Ap/π × /2 = Ap/π. This technique could avoid any low frequency noise from high leakage or tunnelling current. 
The avalanche gain, dependent on voltage can be derived by 

                                                               (3.8)
The measured multiplied photocurrent and estimated primary current of an AlAsSb p-i-n structure (full characterisation presented in Appendix A) is shown in Figure 3.6. The electric field at low voltage is not high enough to trigger impact ionisation. The primary photocurrent is due to the photocarriers generated in the cladding layer, some of the minority carriers recombined with majority carriers and the others will diffuse into the depleted region and being swept by the high electric field. As the applied reverse bias increases, the edge of depletion width will slowly move towards the light absorption surface and the collection efficiency is slowly increasing with bias. Figure 3.5 shows a model explaining the changes of depletion edge with bias on injected photocurrent. Woods et al[[endnoteRef:79]] showed the collected primary photocurrent can be described as [79: [] M. M. Wood, W. C. Hojnson, and M. A. Lampert, Use of a schottky barrier to measure impact ionization coefficients in semiconductors, Solid State Electron, vol. 16, no.3 :pp. 381-394.Mar. 1973.
] 



(3.9)

where q is the electron charge, G0 is the generation rate of photocarriers at the illuminated surface, L is the distance between the illuminated surface and the depleted edge and Ld is the minority diffusion length. Since L=L0-W(V) (L0 and W(V) are illustrated in Figure 3.5), equation 3.9 can be rewritten as 

(3.10)

when Ld >>L, Ipr can be simplified to be linear with W(V), as Ipr ≈ mW(V)+k0. Therefore, the primary photocarriers can be considered to be increasing linearly with applied voltage and the bias dependent primary photocurrent can be derived by linear extrapolating the photocurrent measured at low biases. The gain was obtained by taking the ratio of the multiplied photocurrent to the primary current using equation 3.8. 
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[bookmark: _Ref363728554]Figure 3.5 Model to explain the voltage dependence of inject photocurrent

[image: ]
[bookmark: _Ref363728594]Figure 3.6 Multiplied photocurrent and primary current of AlAsSb PIN2 under 442 nm illumination. The photocurrent is converted into voltage through a small resistance
[bookmark: _Toc360194835][bookmark: _Toc365542654]3.4 Excess noise measurement
[bookmark: OLE_LINK22][bookmark: OLE_LINK46][bookmark: _Ref364963424]The excess noise was measured using the setup shown in Figure 3.7, which was developed by Li [[endnoteRef:80]]. The beam was mechanically chopped at a frequency of 180 Hz and being focused on the device with a spot size of ~ 20 µm to prevent unwanted absorption at the mesa edge. The generated photocurrent was converted to a voltage signal by a low noise transimpedence amplifier (TIA) with a gain of 2.2 kV/A. The input current signal should be no higher than 1.7 mA so as not to saturate the TIA. After the TIA the voltage signal was filtered by a band pass filter with a centre frequency of 10 MHz and a bandwidth of 4.2 MHz to separate from the noise at low and high frequencies from the noise at the chopped frequency (i.e noise from the photocurrent). The noise signal output from the band pass filter was then amplified by a further amplification stage and being converted to mean square value by a power converter, and finally the noise power was measured by another lock-in amplifier.  [80: [] K. F. Li, Avalanche Noise in Submicrono GaAs and InP structures. PhD Thesis, University of Sheffield, 1999.] 


[image: ]
[bookmark: _Ref360718710]Figure 3.7 Excess noise setup


A commercial reference Si diode BPX65 was used for calibration to provide a reference for shot noise. The diode BPX65 was reverse biased at 5 V, at which the diode is at unity gain. The photocurrent and the corresponding noise power at different optical intensities were measured and shown in Figure 3.8.  The gradient of the noise versus photocurrent was extracted as ks = 2.65. This represents the shot noise level at each photocurrent. Therefore, the noise (from LIA2 in Figure 3.7) with photocurrent (from LIA1 in Figure 3.7) on a device can be expressed as

                                                      (3.11)
Since the gain response of the TIA is dependent on the input capacitance value [4], it has an input capacitance dependent peaking at around 10 MHz. As a result, the measured noise has to be corrected by effective noise bandwidth (ENBW). The expression of ENBW with capacitance is described using the following equation, the capacitance C is in pF,

 .                 (3.12)
The noise corrected is given by

                                                     (3.13)
NM is the measured noise, B(CBPX65) is the effective noise bandwidth of BPX65 with the capacitance value of 4.2 pF at the reverse voltage of 5 V. The excess noise F is then given by

                                                             (3.14)
[image: ]
[bookmark: _Ref363741093]Figure 3.8 Noise power dependent of photocurrent on BPX65 

[bookmark: _Toc360194836][bookmark: _Toc365542655]3.5 High speed measurement
The high speed measurement in this work is mainly focused on the bandwidth measurement as a function of gain, using a network analyser. As discussed in chapter 2, a low contact resistance is critical for optimising the bandwidth of an APD. The transmission line model (TLM) technique was used to study the contact resistance. In this section, the TLM measurement and the frequency response using network analyser will be described. 

[bookmark: _Toc360194837][bookmark: _Toc365542656]3.5.1 Transmission line model (TLM)
TLM is an important method to evaluate the resistivity of the top metal contact on a semiconductor layer. The resistivity will be affected by the doping density, surface state density in the semiconductor contact layer and the work function of the metal contact. To perform TLM measurement, 100×50 µm2 metal pads were deposited on the semiconductor. Resistance between the adjacent TLM metal pads was measured through current-voltage measurement, as illustrated in Figure 3.9. The total resistance Rtot measured between two pads is comprised of system resistance Rsys, contact resistance Rc and semiconductor resistance Rsemiconductor, as described by

                                 (3.15)
The Rtot between two pads with different distances was measured and was found to increase linearly with the separation distance as plotted in Figure 3.10. Rtot was linearly extrapolated to intersect with the y axis, when the distance equals to zero, to obtain 2Rc+ Rsys. Rsys can be determined by short circuiting the two terminals of the system and in our measurement the Rsys was measured as 3 Ω. Using this value Rc could be derived and the contact resistivity was then obtained by multiplying Rc with the metal pad area of 100×50 µm2. In principle, for any shapes of top contact, the contact resistance can be calculated by dividing the resistivity over the contact area. Hence the smaller the contact area, the higher the contact resistance is. 


[image: ]

[bookmark: _Ref363741190]Figure 3.9 Metal pattern for TLM measurement


[image: ]
[bookmark: _Ref363741232]Figure 3.10 Rtot as a function of distance in TLM measurement

[bookmark: _Toc360194838][bookmark: _Toc365542657]3.5.2 Frequency response measurement
The frequency response of the high speed devices was measured using Agilent PNA series microwave network analyser E8364B with a wide measurable frequency range of 10 MHz – 50 GHz, the setup diagram is shown in Figure 3.11. A Thorlabs Fabry-Perot (FP) laser with a wavelength of 1300 nm was controlled by a temperature controller for adjusting the optical power intensity. The continuous DC optical output signal was modulated by using a CIP Technologies 40 Gb/s electro absorption modulator (EAM-IR-40-O-K-FCP). By connecting to a bias-tee, the EAM was reverse biased at 1 V by an SMU and was driven by a tunable RF source signal from the port 1 with adjustable power level. The modulated laser was illuminated onto the device biased using an SMU. The device was probed with a 50 GHz ground signal ground (GSG) probe and the photocurrent signal was then fed back into port 2 for measurement. 

[image: ]

[bookmark: _Ref363741295]Figure 3.11 Frequency response setup

The system was first calibrated using a commercial U2T XPDV2120R 50 GHz photodiode by assuming the photo response of the U2T device is flat across the frequency range up to 50 GHz to account for all the losses from system, cables, modulator and bias-tee. Therefore the response measured on a device under test (DUT) is a relative value to that of the U2T photodiode. It is worth noting that if the DUT’s response is too weak, the measurement is less accurate since by using a large signal as a reference for a weak signal will introduce significant measurement errors. As a result, it is also useful to measure raw power of the signal on the DUT. In this case, the system loss response of each connected component (modulator, cable, connectors) has to be measured separately to account for the overall system loss. This system loss will be subtracted manually. Note that the system noise level would also affect the accuracy of frequency response measurement for weak signals. The system noise level can be determined by the IF bandwidth, which has a range from 1 to 40 KHz. The lower the IF bandwidth, the lower the system noise level, but it takes a longer time to obtain sufficient data during the measurement. The background noise level is around -110 dBm from 10 MHz to 20 GHz with IF bandwidth of 1 kHz, while it is higher, at -100 dBm from 30 to 50 GHz. The operation of the PNA network analyser is described in Appendix C in detail. 

[bookmark: _Toc360194839][bookmark: _Toc365542658]3.6 Low temperature measurement
Low temperature measurement is essential as it allows the characterisation ofan APD’s temperature dependence behaviour. Often it reveals more interesting features that cannot be observed from room temperature measurement. The low temperature IVs and multiplication measurements in this work were carried out on a Janis ST-500 probe station as shown inFigure 3.12. It has two DC probe arms and a multimode fibre with the transmission wavelength range from visible light to near infrared. Low temperature measurement sometimes will provide more useful information than room temperature as different dark current mechanisms have different temperature dependence. For instance, bulk recombination current reduces a few orders of magnitude while tunnelling current shows much weaker temperature dependence. 

The chamber was first pumped down to a pressure of 3×10-5 mbar, and was then cooled down by liquid nitrogen circulating around the chamber to the minimum temperature of 77 K. The temperature can be adjusted to higher temperatures between 77 K to room temperature using a temperature controller. The two DC probes are joined to a triax cable connected to an SMU for DC current measurement. The low temperature photo response measurement was carried out using the fibre with a core size of 62.5 µm. To achieve pure injection and to avoid absorption at mesa sidewall, the fibre needs to be as close to the device optical window as possible. 
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[bookmark: _Ref363741334]Figure 3.12 Janis ST-500 low temperature probe station


[bookmark: _Toc360194840][bookmark: _Toc365542659]References

[bookmark: _Toc360194841][bookmark: _Toc365542660][bookmark: _Toc355794995]Chapter 4 Fabrication of AlAsSb photodiodes

AlAsSb is an emerging material for avalanche photodiodes. However because it oxidises easily when exposed to air, very high surface leakage current is a problem. Hence developing an efficient etching recipe is crucial in fabricating a high performance AlAsSb diode. The AlAsSb diodes in this work were grown on InP substrate as the AlAsSb composition chosen (AlAs0.56Sb0.44) is lattice matched to InP. The wafer was grown using molecular beam epitaxy (MBE).In this chapter, four different wet etching recipes on an AlAsSb p-i-n structure (PIN2)were investigated. One of the four recipes was selected as the most appropriate recipe for etching on InGaAs/AlAsSb SAM APDs. Consequently two dry etching methods were explored on an InGaAs/AlAsSb SAM APD as well, their IVs and etch profiles were compared with those from wet chemical etching. At last, the passivation methods using SU-8 and B-staged bisbenzocyclobutene (BCB) were studied on the AlAsSb SAM APDs (SAM APD 1), and SU-8 was selected as the dielectric material for passivation in high speed APD fabrication. 

[bookmark: _Toc355794996][bookmark: _Toc360194842][bookmark: _Toc365542661]4.1 Wet chemical etching and dry etching
AlAsSb oxidises easily because Al combines with oxygen atoms easily [[endnoteRef:81]]. A previous study of wet oxidation on AlAsSb found that the presence of Sb greatly increased the oxidation depth in AlAsSb [[endnoteRef:82]].AlSb material was found to be extremely liable to be oxidised when exposed to the air [[endnoteRef:83]].As a result, exposure of AlAsSb to air should be avoided by using a top protective layer, such as In0.53Ga0.47As (hereafter refer to as InGaAs) which has less reaction with air. The structure used in this work is an AlAsSb homojunction (PIN2, see appendix A for wafer details), comprising a 400 nm p+ AlAsSb region, a nominal 250 nm undoped region and a 50 nm n+ AlAsSb region. This pin structure is sandwiched between a 50 nm p+ InGaAs on top and 1 µm n+ InGaAs at bottom and grown on a semi-insulating InP substrate. Since AlAsSb is a relatively new material for APDs, it is necessary to optimise its fabrication procedures. The most critical part in the processing is the mesa etch step. Both wet chemical etching and dry etching methods were investigated in this work. A set of masks refer to as NEWPIN for the circular mesa diodes shown in Figure 4.1 was used. There are four different mesa areas in a unit cell, with diameters d = 50, 100, 200 and 400 µm. The top and bottom contacts were fabricated using Ti/Au (20/200 nm) since Ti provides good adhesion to the semiconductor while Au is stable in the air compared to other contact metals such as Al and Cu, and the soft physical characteristic of Au makes bonding on metal contact more readily. [81: [] S. Y. Kim, J. D. Song, T. W. Kim, Effect of InAs Thickness on the Structural and the Electrical Properties of InAs Layers Grown on GaAs Substrates with an AlAs0.32Sb0.68 Buffer Layer.J. Korean Phys. Soc., vol. 58, no. 6: pp. 1347-1350, 2011.
]  [82: [] O. Blum, M. J. Hafich, J. F. Klem, K. Baucom and A. Allerman, Wet thermal oxidation of AlAsSb against As/Sb ratio. Electron Lett., vol. 33, no. 12: pp. 1097-1099. Jun. 1997.
]  [83: [] T. Shibata, J. Nakata, Y. Nanishi and M. Fujimoto, A Rutherford Backscattering Spectroscopic Study of the Aluminium Antimonide Oxidation Process in Air. Jpn. J. Appl. Phys., vol. 33: pp. 1767-1772, Feb. 1994.
] 
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[bookmark: _Ref353654396]Figure 4.1 NEWPIN mask

Four different wet chemical etching recipes, A, B, C and D, were explored on PIN2. Ideally, the etch recipe should produce a stable etch rate, a uniform etch depth across the whole wafer, and repeatable current-voltage characteristics.  

[bookmark: _Toc355794997][bookmark: _Toc360194843][bookmark: _Toc365542662]4.1.1. Recipe A HBr: K2Cr2O7: CH3COOH = 1:1:1
A mixture of hydrogen bromide (HBr), potassiumdichromate (K2Cr2O7) and acetic acid (CH3COOH) with a ratio of 1:1:1 has been found to etch a wide range of compound III-V semiconductor materials. The etch rate on AlAsSb material was found to be around 2.5 µm/min. The device surface looked clean after etching and is shown in Figure 4.2 (a), but some roughness can be observed across the wafer. The etch depth profile measured by a surface profiler Dektak 150 is shown in Figure 4.3 (a). The inset shows the sweep direction through two mesas. Deep trenches can be observed, and they are not uniform from device to device. The dark currents were measured on devices with diameters of 200 and 100 µm and are shown in Figure 4.4 (a). It can be seen that the dark currents are scaling with perimeters, indicating the dominance of surface leakage current. Due to the high dark current and deep trenches, the HBr : K2Cr2O7 : CH3COOH = 1:1:1 recipe is not a good etchant for AlAsSb. 

[bookmark: _Toc355794998][bookmark: _Toc360194844][bookmark: _Toc365542663]4.1.2. Recipe B H2SO4  : H2O2 : DIW = 1:8:80
[bookmark: _Ref364961396]Sulphuric acid (H2SO4) mixed with hydrogen peroxide (H2O2) and deionised water (DIW) with a ratio of 1:8:80 is an effective etchant for InGaAs material with an etch rate around 0.5 µm/min. This sulphuric acid etchant was used to etch AlGaAsSb/AlAsSb bragg mirrors in [[endnoteRef:84]], but the etch rate for AlAsSb is unknown. Marshall’s work [[endnoteRef:85]] reported that the etch rate for AlAs0.16Sb0.84 is negligible using sulphuric acid etchant. In this work, it was found that the etch rate of AlAs0.56Sb0.44 in H2SO4 : H2O2 : DIW = 1:8:80 is around 1.5 µm/min, which is much faster than that of InGaAs. Therefore etching process should be performed in one single step to prevent AlAsSb from interacting with air. From fabrication trials it was observed that once AlAsSb is exposed to air, a tough black and rough compound, which could not be removed by H2SO4 : H2O2 : DIW = 1:8:80, would form on the surface. Since the sample could not be taken out of the etchant before the etching is completed, the etch depth cannot be measured and can only be determined by judging the colour of the semiconductor surface. The InGaAs and AlAsSb surfaces are visually distinct. As the capped p+ InGaAs was etched away, the colour of the sample changes from grey to black, which indicates the etching has reached the AlAsSb layer. As the etching continues, the AlAsSb was etched away and when the etching reaches the bottom n+ InGaAs contact layer, the colour changes from black back to grey. The surface of the etched devices is shown in Figure 4.2 (b). It looks clean indicating that the AlAsSb was fully removed and no deep trench was produced. The etch depth profile is shown in Figure 4.3 (b), the etch surface is flat. The dark currents of devices using recipe B are measured and are shown in Figure 4.4 (b). They are still dominated by surface current, although they are lower than those fabricated using HBr: K2Cr2O7: CH3COOH (1:1:1).  [84: [] D. O. Toginho Filho, I. F. L. Dias, J. L. Duarte, E. Laureto, Optical and electrical properties of Te doped AlGaAsSb/AlAsSb Bragg mirrors on InP.Brazilian J. Phys., vol. 36: pp. 1250-1256, 2006.
]  [85: [] A. R. J. Marshall, The InAs electron avalanche photodiode and the influence of thin avalanche photodiodes on receiver sensitivity. PhD Thesis, University of Sheffield,UK, 2009.
] 
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[bookmark: _Ref357087314]Figure 4.2 Surface of AlAsSb PIN2 devices after etching by using (a) recipe A HBr: K2Cr2O7: CH3COOH = 1:1:1; (b) recipe B H2SO4 : H2O2 : DIW = 1:8:80; (c) recipe C H2SO4 : H2O2 : DIW = 1:8:80 and HCl : H2O2 : DIW = 1:1:5; (d) recipe D H2SO4  : H2O2 : DIW : CH4OH = 1:8:80:40
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[bookmark: _Ref357153593]Figure 4.3 Etch depths of AlAsSb PIN2 devices by (a) recipe A HBr: K2Cr2O7: CH3COOH = 1:1:1; (b) recipe B H2SO4  : H2O2 : DIW = 1:8:80; (c) recipe C H2SO4 : H2O2 : DIW = 1:8:80 and HCl : H2O2 : DIW = 1:1:5; (d) recipe D H2SO4  : H2O2 : DIW : CH4OH = 1:8:80:40

[bookmark: _Toc355794999][bookmark: _Toc360194845][bookmark: _Toc365542664]4.1.3. Recipe C Selective etching (H2SO4 : H2O2 : DIW = 1:8:80 and HCl : H2O2 : DIW = 1:1:5)
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Hydrochloric acid (HCl) based etchant is an effective etchant for etching antimonide. It was reported with an etch rate of 2.5 µm/min on AlAs0.16Sb0.84 [5] with the etchant ratio of HCl : H2O2 : DIW = 1:1:9, and was also used as an etchant to etch InAs0.77Sb0.23 [[endnoteRef:86]]. However it has a negligible etch rate on InGaAs. As a result, a selective etch recipe with a combination of H2SO4 : H2O2 : DIW (1:8:80) for etching InGaAs and HCl : H2O2 : DIW (1:1:5) for etching AlAsSb was used. Unlike sulphuric acid based 1:8:80 etchant, hydrochloric acid etchant 1:1:5 is effective in removing the tough black compound formed on the surface of AlAsSb. The sample was first dipped in H2SO4 :  H2O2 : DIW (1:8:80) to remove InGaAs, again changes of the colour on the surface indicated the material InGaAs being etched. After the InGaAs cap layer was removed and without rinsing the sample, it was immediately dipped in HCl : H2O2 : DIW (1:1:5) to remove AlAsSb. The etchant HCl : H2O2 : DIW (1:1:5) has an etch rate around 1.4 µm/min on AlAsSb. Finally, the sample was etched using H2SO4 :  H2O2 : DIW (1:8:80) for a further 10 – 15 s to etch the n+ bottom InGaAs. The surface obtained is cleaner than recipes A and B, as shown in Figure 4.2 (c) without any compound residues. The etch depth in Figure 4.3 (c) shows the flat etch surface. The dark currents of devices using this recipe are shown in Figure 4.4 (c). They have a similar dark current level to those fabricated using recipe B H2SO4 : H2O2 : DIW (1:8:80), and they are still surface current dominant. [86: [] B. R. Wu, C. Liao, and K. Y. Cheng, High quality InAsSb grown on InP substrates using AlSb/AlAsSb buffer layers.Appl. Phy. Lett., vol. 92, no. 6: pp. 062111-3, 2008.
] 


[bookmark: _Toc355795000][bookmark: _Toc360194846][bookmark: _Toc365542665]4.1.4. Recipe D H2SO4  : H2O2 : DIW : CH4OH = 1:8:80:40
[bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: _Ref364890204]AlAsSb oxidises easily as Al combines with oxygen atoms easily in the air forming aluminium oxide (Al2O3) which is quite resistive, but in an AlAsSb wet thermal oxidation study, it is suggested an interlayer of Sb emerges out of the AlAsSb and forming a thin layer upon the oxide Al2O3 [[endnoteRef:87],[endnoteRef:88]]. Antimony has a semi-metal characteristic, the segregation of antimony on the mesa sidewall surface would form conducting channels and leading to high surface leakage current.  In the wet oxidation process, methanol was added into the oxidation process to effectively prevent antimony diffusion out of the mesa [7]. The addition of methanol into wet chemical etchant was evaluated in this work. A mixture of sulphuric acid, hydrogen peroxide, deionised water and methanol with ratio of 1:8:80:40 was used to fully etch the AlAsSb PIN2 diodes, the etch rate was around 1 µm/min. The etched surface as shown in Figure 4.2 (d) is as clean as the one etched by recipe C. However a dark circle around the mesas was noticed, this will be inspected using a scanning electron microscope (SEM). The etched mesa floor in Figure 4.3 (d) is flat as well. The dark currents, normalised to the device perimeters, are shown in Figure 4.4 (d). Compared to Figure 4.4 (b) and Figure 4.4 (c), the overall current level has reduced by one to two orders of magnitude which indicates that the addition of methanol could be effective in reducing the dark current level although the dark current is still scaling with perimeter.  [87: [] O. Blum, K. M. Geibm M. J. Hafich, J. F. Klem, C. I. H. Ashby, Wet thermal oxidation of AlAsSb lattice matched to InP for optoelectronic applications.Appl. Phys. Lett., vol. 68, no. 22: pp. 3129-3131, 1996.
]  [88: [] A. M. Andrews, K. L. Vanhom, T. Mates, J. S. Speck, Antimony segregation in the oxidation of AlAsSb interlayers.J. Vacuum Science & Technology A: Vacuum, Surfaces, and Films, vol. 21, no. 6: p. 1883-1891, 2003.
] 
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[bookmark: _Ref357096458]Figure 4.4 Dark currents on AlAsSb PIN2 devices with diameters d = 200 µm and d = 100 µm etched by (a) recipe A HBr: K2Cr2O7: CH3COOH = 1:1:1; (b) recipe B H2SO4  : H2O2 : DIW = 1:8:80; (c) recipe C H2SO4 : H2O2 : DIW = 1:8:80 and HCl : H2O2 : DIW = 1:1:5; (d) recipe D H2SO4  : H2O2 : DIW : CH4OH = 1:8:80:40


All the dark currents using recipe A to D were obtained from freshly fabricated devices. Recipe A is not an ideal recipe since it produces deep trenches which could cause open circuits in high speed InGaAs/AlAsSb SAM APDs. The devices etched by recipe B, C and D were immediately passivated by SU-8 5 after etching and re-measured after a few days to monitor their stability with time. Disappointingly, it was found that the dark currents from all samples have increased by one to two orders of magnitude, so that the dark currents from all samples have similar levels as shown in Figure 4.5, independent of the etchant used. The SEM pictures of the devices etch profiles using recipes B, C and D are shown inFigure 4.6. Recipes B and recipe C have produced slight undercut at the interface of InGaAs and AlAsSb, while recipe C has produced a lot of damage at the mesa edge. From Figure 4.6(c) there was also black compound formed at the mesa edge which is thought to be resulted from AlAsSb, this appears as the dark circle observed from the microscopic picture in Figure 4.2 (d). The effect of that on the current-voltage characteristics is unknown. 
[image: ]
[bookmark: _Ref357086316]Figure 4.5 Dark currents of AlAsSb PIN2 devices with diameter of 200 µm etched by recipe B, C and D after a few days.

[bookmark: OLE_LINK51][bookmark: OLE_LINK52]For the subsequent fabrication on an InGaAs/AlAsSb SAM APD1 (structure detail described in Appendix A), recipes B, C and D will be evaluated. InGaAs/AlAsSb SAM APD1 were fabricated using NEWPIN mask with the same procedures as AlAsSb PIN2 diodes. The surface features and etch profiles were compared.  Recipe D, with methanol added, has a slower etch rate than recipe B. The surfaces of the two samples are shown in Figure 4.7 (a) and (c). On both samples, AlAsSb residues were not fully removed at some parts as can be seen from the photos, but at the other parts that AlAsSb was fully removed and even etched down to the semi-insulating substrate. The devices using recipe C in Figure 4.7 (b) has produced the best surface quality as it is clean and smooth with AlAsSb residues completely removed. The SEM pictures of etch profiles of the SAM APDs for all the three recipes B, C and D are shown in Figure 4.8. Very severe undercut was observed in Figure 4.8(a) and (c). Because the sulphuric acid etchant has a faster etch rate on AlAsSb than InGaAs that resulted in the undercut problem. The selective etch recipe C of H2SO4 : H2O2 : DIW (1:8:80) and HCl : H2O2 : DIW (1:1:5) has the least undercut problem among the recipes evaluated. The etchant H2SO4 : H2O2 : DIW (1:8:80) was used for removing InGaAs, InAlGaAs and InAlAs materials above AlAsSb and HCl : H2O2 : DIW (1:1:5) was used for removing AlAsSb layers. The two etchants have different etch rates on the different materials, which is around 0.3 µm/min for H2SO4 : H2O2 : DIW (1:8:80) on materials above AlAsSb and 1.4 µm/min for HCl : H2O2 : DIW (1:1:5) on AlAsSb material. No undercut problem was observed using recipe C, but an abrupt change of the mesa slope was produced at the interface of the AlAsSb layers and the materials above it. 
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[bookmark: _Ref357163390] (
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[bookmark: _Ref364963791]Figure 4.6 SEM pictures of etch profiles of (a) recipe B H2SO4 : H2O2 : DIW = 1:8:80; (b) recipe C H2SO4 : H2O2 : DIW = 1:8:80 and HCl : H2O2 : DIW = 1:1:5; (c) recipe D H2SO4 : H2O2 : DIW : CH4OH = 1:8:80:40
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[bookmark: _Ref353656131]Figure 4.7 Etched surface of InGaAs/AlAsSb SAM APD1 etched using (a) recipe B H2SO4 : H2O2 : DIW = 1:8:80; (b) recipe C H2SO4 : H2O2 : DIW = 1:8:80 and HCl : H2O2 : DIW = 1:1:5; (c) recipe D H2SO4 : H2O2 : DIW : CH4OH = 1:8:80:40
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[bookmark: _Ref353656159]
[bookmark: _Ref364961547]Figure 4.8 Intersect of etch profile of InGaAs/AlAsSb SAM APDs etched using (a) recipe B H2SO4 : H2O2 : DIW = 1:8:80; (b) recipe C H2SO4 : H2O2 : DIW = 1:8:80 and HCl : H2O2 : DIW = 1:1:5; (c) recipe D H2SO4 : H2O2 : DIW : CH4OH = 1:8:80:40

[bookmark: _Toc355795001][bookmark: _Toc360194847][bookmark: _Toc365542666]4.1.5 Dry etching
[bookmark: OLE_LINK96][bookmark: OLE_LINK97]InGaAs/AlAsSb material system is of interest and has been widely adopted in quantum cascade lasers [[endnoteRef:89],[endnoteRef:90],[endnoteRef:91]], in which the ridges are always defined by dry etching method using inductive coupled plasma (ICP) or reactive ion etching (RIE), since dry etching has the advantage of producing isotropic profile and sharper mesa edge than wet chemical etching. Based on reported dry etching recipes, chloride based gases are mostly adopted in etching AlAsSb material system [[endnoteRef:92],[endnoteRef:93]]. In our work, two dry etching recipes, Cl2/Ar (with the ratio of 7/12, RF power = 280 W, ICP power = 500 W) and SiCl4/Ar (with the ratio of 8/30, RF power = 220 W, ICP power = 100 W), were tested for etching InGaAs/AlAsSb SAM APD1 structures. The sample surface after etching is rough and turned dark after etching. The SEM pictures of the two etch profiles were also taken as shown in Figure 4.9. There is no slope or undercut as that observed from the wet chemical etching, but the dry etching has produced a lot of damage to the mesa edge as can be seen from the photos that there are steps and ridges on the edge. The dry etching involves both chemical reaction with chloride chemical ions and physical etching process with argon ions, that the high energy argon atoms bombarding the semiconductor surface may create crystallographic damage. The dark current measurement was performed on the dry etched samples as shown in Figure 4.10. The dry etched samples struggled to sustain high current density that the devices are permanently damaged when dark current goes up to 1 mA. The dark currents of the dry etched samples obtained in Figure 4.10 are from single sweep up to 1 mA. The dark current is around an order of magnitude higher than the wet etched sample. Besides, the punch through voltage could not be identified from the IV with the dry etch recipe due to the high dark current. As a result, the selective wet chemical etch recipe C  H2SO4 : H2O2 : DIW (1:8:80) + HCl : H2O2 : DIW (1:1:5) will be preferable for etching the InGaAs/AlAsSb SAM APDs because of the stable etch rate, lower dark current and less severe undercut.  Although the current dry etch recipes are not an option, it is worth to try optimising the gas ratio and RF power in the dry etch recipes to minimise the damage on device mesa edges. [89: [] M. Nagase, R. Akimoto, K. Akita, H. Kawashima, T. Mozume, T. Hasama, H. Ishikawa, Fabrication of all-optical switch based on intersubband transition in InGaAs/AlAsSb quantum wells with DFB structure. in Indium Phosphide and Related Materials, 2008. IPRM 2008. 20th International Conference on. 2008.
]  [90: [] R. Akimoto, G. Cong, S. Gozu, T. Mozume, H. Ishikawa, All-optical wavelength conversion at 40Gb/s with enhanced XPM by facet reflection using intersubband transition in InGaAs/AlAsSb quantum well waveguide. in Optical Communication (ECOC), 2010 36th European Conference and Exhibition on. 2010.
]  [91: [] S. Y. Zhang, D. G. Revin, J. W. Cockburn, K. Kennedy, A. B. Krysa, M. Hoplinson, λ~ 3.1 µm room temperature InGaAs/AlAsSb/InP quantum cascade lasers.Appl. Phys. Lett., vol. 94, no. 3: pp. 031106-3, 2009.
]  [92: [] E. Hall, S. Nakagawa, G. Almuneau, J. K. Kim, L. A. Coldren, Selectively etched undercut apertures in AlAsSb-based VCSELs.IEEE Photon. Tech. Lett. , vol. 13, no. 2: pp. 97-99, 2001.
]  [93: [] R. Phelan, T. J. Slight, B. Kelly, J. O'Carroll, A. McKee, D. G. Revin, S. Y. Zhang, A. B. Krysa, K. L. Kennedy, J. W. Cockhurn, C. N. Ironside, W. Meredith, J. O'Gorman, Room-Temperature Operation of Discrete-Mode InGaAs-AlAsSb Quantum-Cascade Laser with Emission at λ ~ 3.3 µm,  IEEE Photon. Tech. Lett., vol. 22, no. 17: pp. 1273-1275, 2010.
] 
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[bookmark: _Ref357248713]
[bookmark: _Ref364961643]Figure 4.9 SEM pictures of InGaAs/AlAsSb SAM APD1 using dry etching (a) Cl2/Ar (with the ratio of 7/12) and (b) SiCl4/Ar (with the ratio of 8/30)
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[bookmark: _Ref353656521]Figure 4.10 Dark currents of InGaAs/AlAsSb SAM APD devices with diameter of 100 µm using wet chemical etching and dry etching

[bookmark: _Toc355795002][bookmark: _Toc360194848][bookmark: _Toc365542667]4.2 Passivation on InGaAs/AlAsSb SAM APDs
[bookmark: _Ref364891981]Surface passivation using a suitable dielectric material is also a vital part in high speed APD fabrication. The passivation process is aimed at preserving the surface states so that surface current does not increase with time. A few different dielectric materials for passivation have been investigated on InGaAs/AlAsSb APDs in previous work [[endnoteRef:94]]. SiO2 and SiNx have produced higher leakage dark current than SU-8. B-staged bisbenzocyclobutene (BCB) has been reported to be a good candidate for long term passivation and provided functions as protection against surface degradation in photodiodes fabrication. Both BCB and SU-8 are evaluated in this work. [94: [] S. Xie, Design and Characterisation of InGaAs High Speed Photodiodes, InGAAs/InAlAs Avalanche Photodiodes and Novel AlAsSb based Avalanche Photodiodes. PhD thesis, University of Sheffield, UK, 2012.
] 


SU-8 is a negative, epoxy based photoresist that could be spun on the sample with a thickness of 1 to > 200 µm. The exposure under UV and after-bake would transform SU-8 from viscous liquid to very hard and highly cross-linked epoxy which is difficult to remove. There are a few different types of SU-8, 2-25 for different viscosities. The procedures, for passivation using SU-8 5 in this work, are described below:
1. Bake the sample at 100 oC for 1 minute to dehydrate the sample.
2. Mount the sample on a blue tacky tape and coat the whole sample with SU-8 5 using a 4000 rpm spin to achieve a thickness of 3 µm, the exact thickness of SU-8 5 cannot be determined since SU-8 doesn’t have ideal planarization profile. The thickness varies with the spin speed (1000-3000 rpm), which can be found in [[endnoteRef:95]]. [95: [] CHEM, M., NANOTMSU-8 Negative Tone Photoresist Formulations 2-25.
] 

3. Pre-bake the sample at 65 oC for 1 minute and soft bake at 95 oC for 3 minutes.
4. Define the passivation mask on the sample and expose under UV 400 for 6 seconds.
5. Post bake the sample at 65 oC for 1 minute and 95 oC for 1 minute.
6. Develop it in SU-8 developer for 1 minute.
7. Clean the sample in isopropyl alcohol and dry it with nitrogen gun, inspect the sample under microscope.
8. Note that the exposure time in step 4 is only 6 seconds which is not long enough to harden the SU-8. The reason to use 6 seconds is because long expose time would over-expose SU-8 so that for small devices with even smaller optical windows, the top contacts and optical windows would be fully covered by SU-8 preventing effective subsequent bondpad deposition. As a result, a compromised shorter exposure time to define the top metal contacts and optical window was adopted, followed by a re-expose the whole sample under UV 400 without mask for another 50 seconds after the development to harden the SU-8.

BCB has been widely adopted as passivation material in a variety of semiconductor material systems and has been superior to the nominal SiNx [[endnoteRef:96]] in terms of lower surface leakage dark current. BCB has also been used in high frequency operation in semiconductor devices [[endnoteRef:97]]. In addition to that, BCB has a good degree of planarization which is ideal for flip chip bonding in manufacturing. The procedures of BCB (CYCLOTENE 3022-46) passivation are described below. [96: [] H. S. Kim, J. H. Choi, H. M. Bang, Y. Jee, S. W. Yun, J. Hurm, M. D. Kim, A. G. Choo, Dark current reduction in APD with BCB passivation.Electron. Lett., vol. 37, no. 7: pp. 455-457, 2001.
]  [97: [] W. Hofmann, N. H. Zhu, M. Ortsiefer, G. Bohm, Y. Liu, M. C. Amann, High speed (>11 GHz) modulation of BCB-passivated 1.55 µm InGaAlAs-InP VCSELs. Electron. Lett., vol. 42, no. 17: pp. 976-977, 2006.
] 

1. Bake the sample at 100 oC to remove moisture on the surface
2. Mount the sample on a blue tacky tape and spread adhesion promoter (AP3000) and spin at 4000 rpm for 1min, baking the sample at 100 oC for two minutes. The promoter spreading prior to BCB coating is effective in improving the BCB adhesion to semiconductor surface
3. Spin BCB onto the device surface at the required spin speed to achieve the desired thickness [[endnoteRef:98]]. The spin speed used here is 4000 rpm with a thickness of 2.63 µm. [98: [] DOW, CYCLOTRNR* 3000 Series Advanced Electronic Resins-Processing procedures for CYCLOTENE 3000 Series Dry Etch Resins. Apr. 2008.
] 

4. After the coating, the sample with BCB thin film has to be baked at 100 oC to remove any moisture and stabilise the film in order to avoid solvent flowing in the subsequent handling 
5. The film finally needs to be hard cured to achieve polymerisation conversion. This is carried out using a furnace with the temperature cycle of 5 minutes ramp up to 300 oC, hold for 1 minute and followed by a 5 minutes ramp down. 
6. A hard BCB film will be achieved on the sample and the optical windows have to be opened by defining the pattern on BCB film
7. The pattern is defined by a photoresist, SPR220, with thickness of 4-5 µm since during the subsequent RIE etching on BCB film, the photoresist is etched at the same rate as BCB so that a thick photoresist film is necessary
8. After defining the pattern, the dry etching on BCB is performed on samples in RIE using the following recipe CFH3 : O2=14:28, RF= 104W, the etch rate on BCB is around 160 nm/min. Note that the etch rate may vary from machine to machine, thus it is worth carrying out an etch trial on a test sample first
9. Remove the photoresist in acetone

Simple mesa p-i-n diodes fabricated from AlAsSb PIN2 are compared to unpassivated diodes. Figure 4.11 shows the comparison of room temperature dark current on 100 µm diameter diodes. Both passivation methods didn’t cause high leakage in dark current, indicating SU-8 and BCB can be good candidate in InGaAs/AlAsSb APDs passivation without affecting the overall performance. But during the BCB dry etching, we noticed that BCB cannot be fully removed with some residue left on top metal contact, this may introduce series resistance and deteriorate contact resistance after depositing bondpads, an important issue to be considered in high speed APDs fabrication. Therefore, SU-8 is selected as the best candidate for passivation for high speed APDs. 
[image: ]
[bookmark: _Ref354086969]Figure 4.11 Comparison of dark currents of unpassivated and passivated PIN2 diodes of 100 µm diameters

[bookmark: _Toc355795003][bookmark: _Toc360194849][bookmark: _Toc365542668]4.3 High speed InGaAs/AlAsSb SAM APD fabrication
[bookmark: OLE_LINK23][bookmark: _Ref364891892]To successfully fabricate a high performance InGaAs/AlAsSb SAM APD, a few issues have to be considered for optimisation. The contact resistance has to be minimised to reduce RC effects. This can be achieved by selecting a suitable metal scheme to form an ohmic contact on highly doped InGaAs. Metals on p+ and n+ InGaAs have been studied extensively for low resistive contacts in HBTs [[endnoteRef:99],[endnoteRef:100],[endnoteRef:101]]. An ohmic good metal contact should be thermally stable and has shallow diffusion depths into semiconductor. Ti/Au metal scheme is the most adopted contact metal on InGaAs with Pd or Pt sandwiched in between the Ti and Au. Ti has a very high melting temperature so that this metal scheme offers good thermal stability without affecting diode’s performance caused by heating under high current. Platinum have been extensively studied with low contact resistance and reaction on III-V semiconductors. A low contact resistance below 5×10-6 Ω•cm2 [[endnoteRef:102]] can be obtained using Ti, Pt and Au metallisation system. Au and Ti based alloys are thought to be thermally stable and Ti has provided good adhesion to InGaAs surface without metals peeling off [21]. Pt is an excellent candidate for preventing the diffusion of Au into semiconductor [[endnoteRef:103]]. A number of metallisation scheme on highly doped InGaAs contact layer have been evaluated by S.Xie [14] as Ti/Pt/Au, Au/Zn/Au and Pd/Ti/Pd/Au at different annealing temperature, the lowest contact resistance was obtained by thermal annealing Ti/Pt/Au with thickness of 10/30/200 nm at 420 oC for 30 seconds. The same metallisation scheme and the annealing process were adopted in our work. The detailed fabrication on high speed InGaAs/AlAsSb APDs can be found in Appendix B. [99: [] A. M. Crook, E. Lind, Z. Griffith, M. J. W. Rodwell, J. D. Zimmerman, A. C. Gossard, S. R. Bank, Low resistance, nonalloyed Ohmic contacts to InGaAs.Appl. Phys. Lett., vol. 91, no. 19: pp. 192114-3, 2007.]  [100: [] II-Ho Kim, Pd/Ge(or Si)/Pd/Ti/Au Ohmic Contacts to n-type InGaAs for AlGaAs/GaAs HBTs.Metals and Materials International, vol. 10, no. 4: pp. 381-386, 2004.
]  [101: [] W. K. Chong, E. F. Chor, C. H. Heng, S. J. Chua, (Pd, Ti, Au)-based ohmic contacts to p- and n-doped In0.53Ga0.47As. Compound Semiconductors, 1997 IEEE International Symposium on. 1998.
]  [102: [] S. Anna, K. Piotr, L. Adam, K. Kamil, and B. Maciej Low-resistance p-type ohmic contacts for high-power InGaAs/GaAs-980 nm CW semiconductor lasers.Vacuum, vol.82, no. 10: pp. 977-981, 2008.
]  [103: [] C. T. Lee, K. L. Jaw, and C. D. Tsai, Thermal Stability of Ti/Pt/Au Ohmic Contacts on InAs/Graded InGaAs Layers. Solid-State Electronics, vol. 42, No. 5: pp. 871-875, 1997.
] 


The devices (from SAM APD1) were etched using selective wet chemical etching into circular mesas and the bottom bondpads were deposited using Ti/Au (20/200 nm). For high speed devices the bondpads are deposited on semi-insulating (SI) substrate to have negligible leakage current between adjacent bondpads. The etch depth into the semi-insulating substrate should be controlled properly. It should not be too shallow so as to avoid depositing the bondpads on substrate area contaminated by diffused dopant from the highly doped contact layer or too deep which may cause the problem of bondpads deposition failure due to a large vertical discontinuity. The etchant H2SO4 : H2O2 : DIW (1:8:80) was used to remove the bottom n+ InGaAs and a mixture of H3PO4 : HCl : DIW with the ratio of 3:1:2 to etch the InP substrate at the etch rate of around 3 µm/min. The sample in this work was etched to about 0.5 µm into semi-insulating substrate, at which depth the substrate is resistive enough to avoid significant leakage current between bondpads.

The mask for high speed devices is shown in Figure 4.12, with device diameters of 25, 50, 75, 100, 150 and 250 µm. The ground signal ground bondpads have different design in different shapes to investigate any impedance mismatch between the 50 Ω system and bondpads [[endnoteRef:104]]. The metals used for bondpads deposition were Ti/Au with 20/200 nm.  [104: [] P. J. Ker, Development of High Speed Low Noise InAs Electron Avalanche Photodiodes. PhD Thesis, University of Sheffield,UK, 2012.] 
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[bookmark: _Ref353656572]Figure 4.12 Mask set for high speed devices
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[bookmark: _Toc355795005][bookmark: _Toc360194851][bookmark: _Toc365542670][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK76]Chapter 5 Excess noise on AlAsSb based APDs
[bookmark: _Toc355795006][bookmark: _Toc360194852][bookmark: _Toc365542671]5.1 Introduction
[bookmark: _Ref364892679][bookmark: _Ref358104579][bookmark: _Ref364892577]The excess avalanche noise factor is an essential parameter for an APD. For high speed APDs employed in optical communication, such as in 10 Gb/s long-haul system, InP material is the dominant material used as the multiplication layer. As discussed in chapter1 InP APDs have been shown with low noise corresponding to keff ~ 0.3-0.5 with submicron multiplication regions. But they are not suitable for higher bit rate operation due to their band to band tunnelling current at very thin avalanche width limits their gain bandwidth products. InAlAs material has been extensively studied as a possible candidate in high speed APDs as a substitute for InP because of its even lower noise [[endnoteRef:105]] than InP. The GBPs of InGaAs/InAlAs SAM APDs are still limited to 140-240 GHz [[endnoteRef:106],[endnoteRef:107],[endnoteRef:108]] and shows slight improvement in excess noise over InGaAs/InP SAM APDs. Thin avalanche region is beneficial in reducing the excess noise in an APD, However as the avalanche depletion reduces, InAlAs APDs have also been shown with high band to band tunnelling current at w = 100 nm [[endnoteRef:109]].Therefore the optimum value for w to achieve low excess noise without significant tunnelling current for InGaAs/InAlAs APD operating at 10 Gb/s in terms of the best sensitivity, is expected to be 150 nm [[endnoteRef:110]], below which, the performance will be deteriorated. A new enabling APD technology is necessary to implement APDs operating above 10 Gb/s.  [105: [] Y. L. Goh, A. R. J. Marshall, D. J. Massey, J. S. Ng, C. H. Tan, M. Hopkinson, J. P. R. David, S. K. Jones, C. C. Button, S. M. Pinches, Excess Avalanche Noise in In0.52Al0.48As.IEEE J. Quantum Electron, 2007. vol. 43, no. 6: pp. 503-507.
]  [106: [] T. Nakata, T. Takeuchi, I. Watanabe, K. Makila and T. Torikai, 10Gbit/s high sensitivity, low-voltageoperation avalanche photodiodes with thin InAlAs multiplication layer and waveguide structure.Electron. Lett., 2000. vol.36, no.24: pp. 2033-2034.
]  [107: [] T. Nakata, T. Takeuchi, K. Makita, Y. Amamiya, Y. Suzuki and T. Torikai, An ultra high speed waveguide avalanche photodiode for 40-Gb/s optical receiver.Proc. 27th Eur. Conf. on Opt. Comm., 2001.
]  [108: [] M. Lahrichi, G. Glastre, E. Derouin, D. Carpentier, N. Lagay, J. Decobert, and M. Achouche, 240-GHz Gain-Bandwidth Product Back-Side Illuminated AlInAs Avalanche Photodiodes.IEEE Photon. Tech. Lett., Sep. 2010. vol.22, no.18, Sep. 15: pp. 1373-1375.
]  [109: [] Y. L. Goh, D. J. Massey, A. R. J. Marshall, J. S. Ng, C. H. Tan, W. K. Ng, G. J. Rees, M. Hopkinson, J. P. R. David, and S. K. Jones, Avalanche Multiplication in InAlAs.IEEE Trans. Electron Devices, 2007. vol. 54, no. 1: pp. 11-16.
]  [110: [] D. S. G. Ong, M. M. Hayat, J. P. R. David, and J. S. Ng, Sensitivity of High-Speed Lightwave System Receivers Using InAlAs Avalanche Photodiodes.IEEE Photon. Tech. Lett., Feb. 2011. vol.23, no. 4: pp. 233-235.
] 


[bookmark: _Ref358107860]In this chapter, the possibility of using a large and indirect bandgap AlAsSb for APDs with low tunnelling current is investigated, so that very thin avalanche regions can be adopted to improve the excess noise and gain bandwidth product. AlAsSb, with composition lattice matched to InP, has recently been demonstrated to have negligible tunnelling current in APDs with w = 80 nm [[endnoteRef:111]]. Additionally these thin APDs exhibit excellent thermal stability with a temperature coefficient of breakdown as small as 0.95 mV/K. The avalanche gain and excess noise characteristics of two AlAsSb APDs with w of 80 and 230 nm are studied here with pure and mix carrier injection profiles. In the following sections the excess noise data from two homojunction AlAsSb p-i-n structures and an InGaAs/AlAsSb SAM APD will be presented, followed by the excess noise from an InGaAs/AlAsSb SAM APD.  [111: [] S. Xie, C. H. Tan, AlAsSb avalanche photodiodes with a sub-mV/K temperature coefficient of breakdown voltage.IEEE J. Quantum Electron., 2011. vol. 47, no. 11: pp. 1391-1395.
] 


[bookmark: _Toc355795007][bookmark: _Toc360194853][bookmark: _Toc365542672]5.2 Homojunction p-i-n structures
[bookmark: _Toc365542673]5.2.1 Device structures
[bookmark: OLE_LINK68][bookmark: OLE_LINK69]Two AlAsSb homojunction structures, referred to as PIN1 and PIN2 (wafer details provided in appendix A), were grown on semi-insulating InP substrate, as shown in Figure 5.1. They have nominal unintentionally doped i region thicknesses of 100 and 250 nm, respectively. The i-region is sandwiched between a 400 nm p+ and a 50 nm n+ AlAsSb cladding layer with Be and Si doping concentrations of 2.0×1018 cm-3 respectively. Both structures have a 50 nm top p+ InGaAs and a 1 μm n+ InGaAs contact layers to protect the AlAsSb layers from oxidation and doped to 5.0×1018 cm-3. The devices were fabricated into circular mesas with diameters ranging from 50 to 400 µm by wet chemical etching (recipe C in chapter 4) using the etchant H2SO4 : H2O2 : DIW = 1:8:80 to remove InGaAs and HCl : H2O2 : DIW = 1:1:5 to etch AlAsSb. Ti/Au (20/200 nm) metals were deposited on both p+ and n+ InGaAs contact layers. These fabrication details have been described in chapter 4.
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[bookmark: _Ref353734106]Figure 5.1 AlAsSb homojunction structures (a) PIN1, (b) PIN2

[bookmark: _Toc365542674]5.2.2 Capacitance-voltage measurement
The capacitance-voltage measurement was performed on both structures and the results, together with the modelled data based on Poisson’s equation (discussed in chapter 3), are shown in Figure 5.2. The largest device with a diameter of 400 µm was selected for the capacitance-voltage modelling because it was the least affected from the undercutting problem during etching. The built in potential in AlAsSb APDs is assumed to be 1.1 V, as the accurate value of built in potential cannot be estimated from 1/C2 versus voltage. Because PIN1 and PIN2 are p-i-n structures rather than PN junction, they are fully depleted at zero bias due to the thin avalanche regions. The extraction of built-in potential from their 1/ C2 values is no longer accurate. Hence the built in potential was estimated from forward IVs assuming that at 1.1 V it is sufficient to overcome the built-in potential such that the current starts to increase exponentially with bias. The dielectric constant of AlAsSb was estimated to be 10.95 from a linear interpolation between AlSb and AlAs dielectric constants [[endnoteRef:112]]. The avalanche regions of PIN1 and PIN2 were 80 and 230 nm from CV modelling, instead of the nominal values of 100 and 250 nm. This is attributed to the dopant diffusion, from the highly doped cladding layers, into the undoped region that resulted in the thinner avalanche region widths. The doping in the AlAsSb p+ and n+ cladding layers were estimated to be around 2×1018 cm-3 for the two structures which is similar to the expected level. The electric field from CV modelling in PIN1 and PIN2 are shown in Figure 5.3, it can be seen that both structures are fully depleted even at 0 V. [112: [] D. W. Palmer,www.semiconductors.co.uk, 2006.02.
] 
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[bookmark: _Ref353734457]
[bookmark: _Ref363805011]Figure 5.2 Fitted and experimental capacitance-voltage data on device with diameters of 400 µm on (a) PIN1 and (b) PIN2 
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[bookmark: _Ref364961846]Figure 5.3 Electric field profiles for (a) PIN1 from 0 - 11 V, and (b) PIN2 from 0 - 20 V, increasing in a step of 1 V

[bookmark: _Toc355795008][bookmark: _Toc360194854][bookmark: _Toc365542675]5.2.3 Current-voltage (IV) characteristics
The dark current measurement was performed on devices with diameters of 200 and 400 µm and the reverse IVs are shown in Figure 5.4as (a) absolute value, and (b) normalised to diode perimeters. The dark currents on PIN1 and PIN2 increase rapidly with bias but scale reasonably well with the perimeters indicating the dominance of surface leakage current in these unpassivated diodes. The cause of the surface leakage current is most probably due to the formation of surface oxide since Al atoms and antimonide oxidise easily during device fabrication [[endnoteRef:113]]. Effective etchants and surface passivation will be necessary to suppress this surface leakage current. However clearly defined sharp breakdown voltages were observed at 11.2 V for PIN1 and 20.2 V for PIN2. In addition to that, when the devices were cooled down to 77 K, the dark currents reduced by several orders of magnitude for both PIN1 and PIN2, indicating there is negligible tunnelling current in these devices since tunnelling current mechanism has weak temperature dependence characteristics. For instance the band to band tunnelling current in an InP APD with w = 80 nm is expected to drop by approximately only 10 times as the temperature reduces from room temperature to 14 K [7]. In contrast we observed 3 orders of magnitude reduction in the dark current as the temperature drops from room temperature 290 to 77 K.  [113: [] S. Y. Kim, J. D. Song and T. W. Kim, Effect of InAs Thickness on the Structural and the Electrical Properties of InAs Layers Grown on GaAs Substrates with AlAs0.32Sb0.68 Buffer Layer.J. Korean Phys. Soc., 2011. vol. 58, no. 5:pp. 1347-1350.
] 


Figure 5.4(a) shows the total current obtained under the illumination of a 633 nm laser with an incident optical power of 49.6 µW. When the photocurrent was extracted from the difference between the total current and the dark current, the relatively small ratios of photocurrent to the dark current was obtained, for example ~ 8 for PIN1 at 9 V and ~ 0.7 for PIN2 at 16 V. Therefore this direct subtraction of dark current from the total current is not a reliable technique to extract the photocurrent under the presence of high dark current. A detailed analysis of comparison of multiplication calculation using a direct subtraction (DC) and using a phase sensitive detection (AC) techniques can be found in Appendix E. Under high reverse bias when the electric field is high, both the photocurrent and the dark current are subjected to different gain values as carriers created by both mechanisms are injected at different positions. Due to the stochastic nature of the avalanche process it is impossible to accurately separate the multiplied photocurrent from the multiplied dark current without detailed carrier generation profiles for dark current and photocurrent. Hence the phase sensitive detection technique was employed in this work to accurately determine the photocurrent under the illumination of 442, 542 and 633 nm lasers.  
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[bookmark: _Ref353735246]
[bookmark: _Ref364961889][bookmark: OLE_LINK9][bookmark: OLE_LINK13]Figure 5.4 (a) Dark current (black line) and total current under the illumination of 633 nm light with an optical power of 49.6 μW (red line), as a function of reverse bias for PIN1 and PIN2 from the diode with diameter of 400 μm; (b) Periphery current as a function of reverse bias for PIN1 and PIN2. Room temperature dark current from diodes with diameters d of 400 μm (black lines) and 200 μm (red lines) are shown along with 77 K dark current from diodes with diameters of 200 μm (blue lines)

The forward IVs on PIN2 at room temperature and low temperature 77 K are shown in Figure 5.5. The forward current at room temperature below 0.8 V has some surface leakage current. The ideality factors n extracted are 1.7 at room temperature and 2 at 77 K. Unlike some narrow bandgap material, such as InAs with ideality factor close to 1 [[endnoteRef:114]], the generation recombination current is predominant in AlAsSb diodes especially at low temperature. According to a simulated model described by Sah [[endnoteRef:115]], in an ideal p-n junction, assuming the generation recombination centres are uniformly distributed at the intrinsic Fermi level. The ratio of generation recombination current over diffusion current can be described as  [114: []P. J. Ker, Development of High Speed Low Noise InAs Electron Avalanche Photodiodes. PhD thesis, University of Sheffield, UK, 2012.
]  [115: [] C. T. Sah, R. N. Noyce, and W. Shockley, Carrier generation and recombination in P-N Junctions and P-N Junction Characteristics.Proc. of the IRE, Sep. 1957.
] 



[bookmark: _Ref358099486]                                               (5.1)

where nn is the electron density at n-type region, ni is the intrinsic carrier density, W is the space charge region, and L0 is the diffusion length of minority carriers (hole in equation 5.1). From equation 5.1, it could be concluded that the generation-recombination current in the space region may be much more dominant than the diffusion current at low temperature for a large bandgap material since ni is very small. This explains the increase of ideality factor from n=1.7 at room temperature to n = 2 at 77K, since AlAsSb has a large bandgap Eg of 1.65 eV. The bending in the IV at high dark current is due to series resistance effect which mainly comes from the contact resistance that at high current, the series resistance reduces the overall voltage drop across the device. 
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[bookmark: _Ref353737561]Figure 5.5 Forward IVs of PIN2 at room temperature and 77 K

[bookmark: _Toc355795009][bookmark: _Toc360194855][bookmark: _Toc365542676]5.2.4 Absorption coefficient estimation
[bookmark: _Ref358108163][bookmark: _Ref358108171][bookmark: _Ref358108182]Three lasers with different wavelengths 442, 542 and 633 nm were used in the measurement for photo-multiplication (or avalanche gain) and excess noise measurement. The absorption coefficients of AlAsSb at these three wavelengths are not available and have never been reported, but they are necessary to derive the photo carrier generation profiles produced by the three different wavelengths. Since AlAsSb is a new avalanche material for avalanche multiplication and there is no reported absorption coefficient, we need to estimate the absorption coefficients. There is evidence that the absorption coefficients of some ternary compound materials AlGaAs [[endnoteRef:116]], GaInSb [[endnoteRef:117]] and InAsSb [[endnoteRef:118]] have a dependence on their alloy composition at different photon energies as shown in Figure 5.6(a)-(c). It can be seen that the absorption coefficients of all the compounds are approximately linear with their alloy composition at each photon energy absorption, so it is feasible to estimate the absorption coefficients of AlAsSb from the absorption coefficients of AlAs and AlSb.  [116: [] D. E. Aspnes, S. M. Kelso, R. A. Logan and R. Bhat, Optical Properties of AlxGa1-xAs.J. Appl. Phys., Jul. 1986. vol. 60, no. 2: pp. 754-767.
]  [117: [] R. Rousina, C. Halpin, and J. B. Webb, Growth and Characterization of In1-xGaxSb by metalorganic magnetron sputtering.J.Appl.Phys., May. 1990. vol. 68, no. 5: pp. 2181-2186.
]  [118: []G. B. Stringfellow, P. E. Greene, Liquid Phase Epitaxial Growth of InAs1-xSbx.J. Electrochem. Soc., 1971. vol. 188, no. 5: pp. 805-810.
] 
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[bookmark: _Ref353738284]
[bookmark: _Ref364961991]Figure 5.6 Absorption coefficients of (a) AlGaAs [12], (b) GaInSb [13]and (c) InAsSb [14]versus alloy composition at different photon absorption

[bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73]Table 5.1shows the absorption coefficients of AlAs, AlSb and InGaAs, together with the estimated absorption coefficients of AlAsSb. The absorption coefficients of AlAs at 442 nm (2.8 eV), 542 nm (2.288 eV) and 633 nm (1.958 eV) are reported as 4×103, 1.031×102  and 10.53 cm-1 by Lorenz [[endnoteRef:119]], and the absorption coefficients of AlSb reported at the above three wavelengths are 4.493×105 (442 nm), 5.71×104(542 nm) and 8×102 cm-1 (633 nm) [[endnoteRef:120]]. Therefore, the absorption coefficient of the compound AlAs0.56Sb0.44 could be derived from a linear interpolation of that from AlAs and AlSb as shown in Figure 5.7, calculated as 1.99×105 (442 nm), 2.52×104(542 nm) and 3.57×102cm-1 (633 nm). It is clear that AlAsSb has large difference in absorption coefficients among these three wavelengths, and this has generated quite different absorption profiles. The cap InGaAs has a strong absorption at all the wavelengths with the absorption coefficients of 6.73×105, 2.35×105 and 1.11×105 cm-1 for 442, 542 and 633 nm. The percentage of light absorbed at the three wavelengths for each layer (p+ InGaAs, p+ AlAsSb, i AlAsSb, n+ AlAsSb) in PIN1 and PIN2 is shown in Table 5.2(a) and (b). The InGaAs capping layer has absorbed a fairly large fraction of the three wavelengths due to its strong absorption within the visible wavelength. Because of the large conduction band discontinuity between InGaAs and AlAsSb with ΔEc> 1.4 eV [[endnoteRef:121],[endnoteRef:122]], most generated electrons from the p+ InGaAs cap will be blocked by the large InGaAs/AlAsSb conduction band barrier and not injected into the high field region. Hence, only the photo carriers from the AlAsSb p+ cladding layer are injected to initiate the avalanche multiplication process. It is clear from Table 5.2that 442 nm has created the most pure electron injection for both PIN1 and PIN2 as negligible amount of light is absorbed in the undoped AlAsSb i layer, while the 633 nm has generated the most mixed carrier injection since the light was absorbed in all layers including the AlAsSb n+ region. These very dissimilar light absorption profiles will be used in analysing the subsequent avalanche gain and excess noise results.  [119: [] M. R. Lorenz, R. Chicotka and G. D. Pettit, The fundamental absorption edge of AlAs and AlP.Solid State Communications, Mar. 1970. vol. 8: pp. 693-697.
]  [120: [] Z. Stefan, L. Chengtian, S. Erich, B. Alexandra, C. Manuel, The dielectric function of AlSb from 1.4 to 5.8 eV determined by spectroscopic ellipsometry.J. Appl. Phys., 1989. vol. 66, no. 1: pp. 383-387.
]  [121: [] N. Georgiev, and T. Mozeme, Optical properties of InGaAs/AlAsSb Type I Single Quantum Wells Lattice Matched to InP.J. Vac. Sci. Technol. B, Jun. 2001. vol. 19, no. 5: pp. 1747-1751.
]  [122: [] T. Mozume, N. Georgiev, and H. Yoshida, Dopant-induced Interface Disorder in InGaAs/AlAsSb Heterostructures Lattice Matched to InP Grown by Molecular Beam Epitaxy.J. of Crystal Growth, 2001. 227/228: pp. 577-581.
] 


	Material
	442 nm (cm-1)
	542 nm (cm-1)
	633 nm (cm-1)

	AlAs [23]
	4×103
	1.03×102  
	10.53

	AlAs0.56Sb0.44 (estimated)
	1.99×105
	2.52×104
	3.57×102

	AlSb [24]
	4.49×105
	5.71×104
	8.0×102

	InGaAs
	6.73×105
	2.35×105
	1.11×105


[bookmark: _Ref355279041]
[bookmark: _Ref364962062]Table 5.1 Absorption coefficients of AlAs, AlAs0.56Sb0.44 and AlSb
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[bookmark: _Ref353738536]Figure 5.7 Absorption coefficients of AlAs and AlSb, estimated absorption coefficient of AlAs0.56Sb0.44 at 442, 542 and 633 nm

		 λ (nm)
Material
	442
	542
	633

	InGaAs p+
	96.5%
	69.1%
	42.6%

	AlAsSb p+
	3.45%
	11.3%
	0.81%

	[bookmark: _Hlk349840484]AlAsSb i
	1.04×10-3%
	2.5%
	0.2%

	AlAsSb n+
	1.05×10-4%
	1%
	0.1%









(a)
		 λ (nm)
Material
	442
	542
	633

	InGaAs p+
	96.5%
	69.1%
	42.6%

	AlAsSb p+
	3.45%
	11.3%
	0.81%

	AlAsSb i
	1.2×10-3%
	5.27%
	0.5%

	AlAsSb n+
	5.3×10-6%
	0.7%
	0.1%







[bookmark: _Ref355338973]

(b)
[bookmark: _Ref364962092]Table 5.2 Light absorbed at three wavelengths for (a) PIN1 and (b) PIN2

[bookmark: _Toc355795010][bookmark: _Toc360194856][bookmark: _Toc365542677]5.2.5 Avalanche gain
The avalanche gain was measured on PIN1 and PIN2 at 442, 542 and 633 nm. Since the dark current in these two structures were quite high, up to 10 µA before breakdown, direct subtraction of dark current from total current is not applicable. The photocurrent was measured using the phase sensitive detection technique. The avalanche gain at each wavelength was measured using different optical power to ensure the independence of optical power in those diodes. Measurement was mainly performed on the largest device to make sure the light is absorbed only in the top cladding layer to avoid mix injection caused by light absorption at the sidewall. Figure 5.8shows the measured photocurrent and calculated primary photocurrent under 442, 542 and 633 nm illumination on PIN1 and PIN2. At the low bias, it can be seen that the experimental photocurrent is approximately linear increasing with bias on both PIN1 (up to 3 V) and PIN2 (up to 7 V). The primary photocurrent is then obtained by linear extrapolating the linear part at low bias. The gain initiated electric fieldsin PIN1 and PIN2 are extracted based on the CV modelling in Figure 5.2 ~ 350-400 kV/cm. 
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[bookmark: _Ref363760063]Figure 5.8 Measured photocurrent and estimated primary photocurrent with 442, 542 and 633 nm illumination on PIN1 (left) and PIN2 (right)

The gain is plotted as M-1 to accentuate the differences at low gains in Figure 5.9. The pure electron initiated avalanche gain, using 442 nm, is marginally higher than those measured under the mixed injection conditions, using 542 and 633 nm. Despite the very dissimilar generation profiles among the three wavelengths from Table 5.2, M showed a weak dependence on the carrier generation profiles, suggesting that the ratio of electron to hole ionisation coefficients α/β, in AlAsSb is only slightly higher than unity within the field range measured. The electric fields in these two structures are 1.05 MV/cm and 812 kV/cm respectively at breakdown. For most materials, their ionisation coefficients of electron and hole are approaching unity at such high electric field. It is not surprising that AlAsSb with such thin avalanche regions and at such high electric field has shown the similar characteristics. The attempt to derive the ionisation coefficients from the results were hindered by lack of data from structures with different avalanche region thickness and data from n-i-p structures for pure hole injection. In addition to that, at such thin avalanche regions, the dead space effect is strong as it occupies a large fraction of the avalanche width, further complicating the process of deriving the ionisation coefficients. 
[image: ]
[bookmark: _Ref353783923]Figure 5.9 Avalanche gain measured versus applied reverse bias for PIN1 and PIN2 using 442 nm (solid line), 542 nm (long dashed line) and 633 nm (cross) lasers

[bookmark: _Toc355795011][bookmark: _Toc360194857][bookmark: _Toc365542678]5.2.6 Excess noise characteristics
The calibration of noise power versus photocurrent has been performed with the gradient of ks = 2.65 as shown before in Figure 3.7. The noise measurement for both PIN1 and PIN2 was conducted on devices with different areas to confirm its consistency. Figure 5.10shows the excess noise dependent on avalanche gain on diodes with two different areas with diameters of 200 and 100 µm for (a) PIN1 and (b) PIN2, together with McIntyre’s local noise theory. The excess noise factors measured between different areas are in good agreement confirming the absence of side injection. Under the mixed injection conditions using the 542 nm laser, the excess noise was found to correspond approximately to k = 0.15 for PIN1 and k = 0.12 for PIN2. When the 633 nm laser was used, the measured excess noise was found to increase to the lines k = 0.21 for PIN1 and k = 0.17 for PIN2. The lowest excess noise was obtained for the pure injection using the 442 nm laser producing noise corresponding to k = 0.1 for PIN1 and k = 0.05 for PIN2. These results reinforce the observation deduced from the measured gain that α is larger than β since lower excess noise was measured when more electrons were injected to initiate the avalanche process using 542 and 633 nm laser. However unlike the measured gain, the excess noise showed a stronger dependence on the injection profile. In both structures a clear reduction in the excess noise was observed in moving from 633 to 442 nm excitation wavelength. The lower excess noise for PIN2, with the thicker avalanche region, suggests that the ionisation coefficients are more disparate in PIN2 than PIN1 which has a higher peak electric field. 

[bookmark: _Ref358108625][bookmark: _Ref358108654]The measured gain appears to indicate that α/β is close to unity, from which one would expect the excess noise to correspond to the curve k ~ 1 in the local model noise theory. The measured noise for pure injection, corresponding to k = 0.05 in PIN2 and k = 0.1 in PIN1, is significantly lower than k ~ 1, indicating the presence of strong dead space effects. This is not surprising since the structures have very thin avalanche regions of 80 and 230 nm. Previous work on GaAs [[endnoteRef:123]], Al0.6Ga0.4As [[endnoteRef:124]] and In0.51Ga0.49P [[endnoteRef:125]] showed that the ratio of dead space to the avalanche width ranges from 0.3 to 0.4 when w ~ 100 nm. The ballistic dead space of electron (hole) is given by de(h) = Ethe(h)/qE, as de(h)is interpreted as the distance travelled before a carrier accumulates sufficient energy to initiate an impact ionisation event. The bandgaps of the above materials are 1.42, 2.02 and 1.85 eV respectively while the estimated effective ionisation energies are approximately 3 eV for GaAs [[endnoteRef:126]], 3.4 eV (for electron) and 3.6 eV (for hole) for Al0.6Ga0.4As [20] and 4.05 eV for In0.51Ga0.49P [21] leading to the large dead space effects. Therefore it is plausible that the thin AlAsSb avalanche regions have similar strong dead space effects that yield the very low noise observed.  [123: [] S. A. Plimmer, J. P. R. David, D. C. Herbert, T. W. Lee, G. J. Rees, P. A. Houseton, R. Grey, P. N. Robson, A. W. Higgs, and D. R. Wight,  Investigation of Impact Ionization in Thin GaAs Diodes.IEEE Trans. Electron Devices, Jul. 1996. vol. 43, no. 7: pp. 1066-1072.
]  [124: []S. A.Plimmer, J. P. R. David, R. Grey and G. J. Rees, Avalanche Multiplication in AlxGa1-xAs.IEEE Trans. Electron Devices, May. 2000. vol. 47, no. 5: pp. 1089-1097.
]  [125: []C. H. Tan, R. Ghin, J. P. R. David, G. J. Rees and M. Hopkinson, The Effect of Dead Space on Gain and Excess Noise in In0.48Ga0.52P p+in+ Diodes.Semicond. Sci. Technol, Jul. 2003. 18: pp. 5803-806.
]  [126: [] H. K. Jung, K. Taniguchi, and C. Hamaguchi, Impact Ionization Model for Full Band Monte Carlo Simulation in GaAs.J. Appl. Phys., Nov. 1995. vol. 79, no. 5: pp. 2473-2480.
] 
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[bookmark: _Ref353785669](b)
[bookmark: _Ref364333747][bookmark: OLE_LINK12][bookmark: OLE_LINK24]Figure 5.10 Excess noise measured on (a) PIN1, and (b) PIN2 under 633 (●, ■), 542 (●, ■), and 442 (●, ■) nm illumination, together with McIntyre’s local model theory corresponding to k of 0.1, 0.15, 0.21 in (a), and 0.05, 0.12, 0.17 in (b) in grey lines. The closed (open) symbols represent the results from device with diameter of 200 (100) µm



[bookmark: _Toc365542679]5.2.7 Ionisation coefficient
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[bookmark: _Ref363806890]Figure 5.11 Photogenerated carrier absorption profile in a p-i-n structure

An attempt to extract ionisation coefficients of electron and hole in AlAsSb was made by using a local model taking consideration of the pure and mix injection multiplication data of PIN1 and PIN2. Assuming a p-i-n structure as shown in Figure 5.11, the width of p+ and n+ cladding layers are xp and xn. The photogenerated carrier density at the p+ surface is A0, the absorption coefficient is a, the carriers absorbed in p+ and n+ layers are Ap and An respectively, which can be described by

                                               (5.2)


                               (5.3)

The average multiplication value is dependent on the position of generated electron hole pairs, and that from pure electron and pure hole injection is denoted as Me and Mh (equation 2.12 and 2.13), the multiplication for a primary carrier pair generated within w is given by M(x) (equation 2.14), assuming the electric field within w is constant so that the ionisation coefficients α and β are independent of position at a given bias. The total carriers generated in the structure is given by


             (5.4)

The total generated primary carriers is described by


                                (5.5)

The mean gain for a mixed injection is given by


                  (5.6)

The 442 nm light has produced pure electron injection in PIN1 and PIN2, and the 542 and 633 nm lights have generated mixed injection. By solving Mt and Me with the estimated absorption coefficients of 442, 542 and 633 nm wavelengths in AlAsSb, the ionisation coefficients α and β dependent on electric field were extracted as shown in Figure 5.12, with the expressions given by equation 5.7 and 5.8(E in V/cm and α, β in cm-1) for the electric field E ranges from 500 kV/cm to 1.25 MV/cm. 

[bookmark: _Ref357613919]         (5.7)


[bookmark: _Ref357613935]    (5.8)

Using the extracted ionisation coefficients α and β in a Random Path Length (RPL) [[endnoteRef:127]] model, the modelled and experimental multiplication data of PIN1 and PIN2 are shown in Figure 5.13. The modelled results agree with the experimental data on both PIN1 and PIN2 for pure and mix injection multiplication data so that the extracted ionisation coefficients can be used for predicting multiplication and breakdown voltage in AlAsSb p-i-n structures although they might not be accurate since they were derived using a local model and didn’t account for the dead space effects. Note that the extraction of ionisation coefficients is based on the following assumption, the absorbed photocarriers in p+ and n+ AlAsSb cladding layers all diffused into the high field region and neglect the absorbed carriers in the InGaAs contact layers. However, in order to derive a more rigorous expression for ionisation coefficients, measurement on thicker devices and n-i-p structures are needed.  [127: [] D. S. Ong, K. F. Li, G. J> Rees, J. P. R. David, and P. N. Robson, A simple model to determine multiplication and noise in avalanche photodiodes. J. Appl. Phys., Mar. 1998. Vol. 83, no. 6: pp. 3426-3428
] 
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[bookmark: _Ref357610326]Figure 5.12 Extracted α and β of AlAsSb from pure and mix injection multiplication data using a local model
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[bookmark: _Ref357617124]Figure 5.13 Modelled and experimental multiplication data (pure injection) on PIN1 and PIN2

The excess noise in AlAsSb was compared to those measured in InP and InAlAs APDs. The excess noise at the gain M = 10 for InP [[endnoteRef:128]] and InAlAs [1] APDs with a range of w, is also included in Figure 5.14 for comparison. The excess noise factor measured under pure hole injection for InP APDs increases from 3.9 to 5.1 as w increases from 0.28 to 1.24 μm. The lower noise in thinner avalanche region is due to the stronger dead space effects. For InAlAs APDs the excess noise factor increases from 3.3 to 3.8 as w increases from 0.1 to 0.5 µm but subsequently drops to 3.1 as w increases to 2.5 μm. A maximum excess noise factor was observed for w = 0.5 μm. For w< 0.5 μm the dead space effect reduces the excess noise while the larger ratio of ionisation coefficients at lower fields also reduces the excess noise for w> 0.5 μm. The comparison presented in Figure 5.14 confirms that the excess noise in the AlAsSb APDs, measured under pure injection and mixed injections, is lower than those for InP and InAlAs APDs.  [128: [] P. Yuan, C. C. Hansing, K. A. Anselm, C. V. Lenox, H. Nie, A. L. Holmes, Jr., B. G. Streetman and J. C. Campbell, Impact Ionization Characteristics of III-V Semiconductors for a Wide Range of Multiplication Region Thicknesses.IEEE J. Quantum. Electron., Feb. 2000. vol. 36, no. 2: pp. 198-204.
] 
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[bookmark: _Ref353788031]Figure 5.14 Excess noise measured at the gain ~ 10 for PIN1, PIN2 using 442 (), 542 () and 633 nm (■) lasers, together with excess noise of InAlAs () for pure electron injection and InP () for pure hole injection

To inspect the low noise in AlAsSb diodes and confirm the low noise is not affected by the limited bandwidth of the devices or circuit attenuation due to non-ideal transimpedance characteristics, a bandpass filter with a centre frequency of 1 MHz and bandwidth of 200 kHz,  instead of the bandpass filter with 10 MHz centre frequency and 4.2 MHz bandwidth, was used to measure the excess noise at different frequencies. The measurement was repeated on the device with the same size, under the same light illumination. The calibration of the noise power signal versus photocurrent signal using a silicon diode BPX65 was conducted and the result using 1 MHz and 10 MHz bandpass filters are shown in Figure 5.15. The gradient was extracted as ks = 0.02, which is lower than using the 10 MHz bandpass filter (ks = 2.65). There are two reasons for the lower noise signal at 1 MHz than at 10 MHz, the first one is the narrower bandwidth of 200 kHz for the 1MHz bandpass filter instead of the 4.2 MHz for the 10 MHz bandpass filter. The other reason is the limited signal level at 1 MHz on the TIA circuit board due to transimpedance characteristics since a capacitance at the output of TIA worked as a highpass filter used to filter out the low frequency noise signal. The response at 1 MHz is independent of DUT capacitance while that at 10 MHz the response has a peaking so that the effective noise bandwidth correction is not necessary using the 1 MHz bandpass filter. 

The excess noise measurement using the band pass filter with a 1 MHz centre frequency was performed on diode with diameter of 200 µm for PIN1 and PIN2 under the 542 nm excitation wavelength. The results are compared to those measured using the 10 MHz bandpass filter and are shown in Figure 5.16. It can be seen that the excess noise factors measured using the 1 MHz bandpass filter agree well with the originally measured data using the 10 MHz bandpass filter, indicating that the excess noise measured at 10 MHz on these diodes are independent of measurement frequency. This consistency confirms the low noise characteristic in the AlAsSb APDs.
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[bookmark: _Ref353788935]Figure 5.15 Calibration on excess noise versus photocurrent with a 1 MHz bandpass filter and a 10 MHz bandpass filter
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[bookmark: _Ref355344000](b)
[bookmark: _Ref357682559]Figure 5.16 Excess noise using bandpass filters with centre frequencies of 1 and 10 MHz and 542 nm wavelength excitation for (a) PIN1 and (b) PIN2

[bookmark: _Toc360194858][bookmark: _Toc365542680]5.3 Excess noise in InGaAs/AlAsSb SAM APD
Since AlAsSb has exhibited the lowest excess noise among InAlAs and InP diodes, the excess noise was also performed on an InGaAs/AlAsSb SAM APDs adopting AlAsSb as the multiplication region. This structure will be referred to as SAM APD2 in the remaining sections and its detailed characterisation is presented in chapter 7. As a comparison, the excess noise of an InGaAs/InAlAs structure, referred to as SAM APD3, was included with similar absorption layer thickness and thin avalanche region of 200 nm. The structure details can be found in Appendix A. The SAM APD2 structure has very thin multiplication region of 50 nm which is close to the optimum thickness to avoid band to band tunnelling current. A 1520 nm He-Ne laser was used to illumination to achieve pure electron injection since the 1520 nm light will only be absorbed in the InGaAs absorption layer. In order to accurate determine the gain at punch through voltage, responsivity was measured. The maximum theoretical responsivity in this particular SAM APD at unity gain is 0.575 A/W assuming there is 30% reflection on the semiconductor surface and taking account of the absorption in the 500 nm InGaAs layer. Using the equation in section 2.2, the gain at punch through voltage is ~ 1.05. Figure 5.17 shows the excess noise measured on the SAM APD2 and SAM APD3 (structure details in Appendix A). The excess noise on SAM APD2 exhibit a level corresponding with keff ~ 0.15 (note that keff is not the actual ionisation coefficient ratio but the equivalent noise level according to that in the local model), which is lower than that on the InGaAs/InAlAs APD with keff ~ 0.2. The SAM APD3 has the same noise level as an InAlAs p-i-n photodiode with the same avalanche region thickness. For the SAM APD2, data from a 50 nm p-i-n AlAsSb structure is not available. However when compared to the excess noise in section 5.2.6, for pure injection measured on PIN1 (80 nm) and PIN2 (230 nm) with keff ~ 0.1 and keff ~ 0.05, the excess noise of SAM APD2 is higher. This can be attributed to the un-optimised electric field in the structure in which the low doping in the charge sheet layers has resulted high electric field in the InGaAs absorption layer and low electric field in the AlAsSb multiplication layer (see  detailed characterisation of SAM APD2 in chapter 7). The small amount of impact ionisation in the absorption layer and charge sheet layers will introduce noise to the multiplication process and a higher noise was observed in the SAM APD2 than p-i-n structures.
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[bookmark: _Ref359849160][bookmark: OLE_LINK25][bookmark: OLE_LINK26]Figure 5.17 Excess noise of SAM APD2 (InGaAs/AlAsSb, ●) and SAM APD3 (InGaAs/InAlAs, ●) with structure details in Appendix A, using 1520 nm light illumination, together with the local noise model (solid lines) with k corresponding from 0 to 0.25 with an increment of 0.05

[bookmark: _Toc355795012][bookmark: _Toc360194859][bookmark: _Toc365542681]5.4 Conclusion
The IVs, CVs, photocarrier generation profile dependent avalanche gain and excess noise characteristics of AlAsSb APDs have been investigated here. Although there is high surface leakage current in AlAsSb diodes, well defined sharp breakdown voltage was observed and more than three orders of magnitude drop in dark current proved the absence of tunnelling current in the AlAsSb diodes with such thin avalanche widths. The absorption coefficients in AlAsSb at 442, 542 and 633 nm were estimated from linear interpolation of absorption coefficients of AlAs and AlSb. The three lights at different wavelengths of 442, 542 and 633 nm have generated very dissimilar generation profiles in both the two diodes. Measurements of avalanche gain, as a function of carrier injection profile, suggest that electron initiated gain is marginally higher than that initiated by holes. The extraction of ionisation coefficients of electron and hole cannot be performed since we don’t have enough data from n-i-p structures for modelling and estimation. While the more sensitive excess noise measurements using pure and mixed injections provided stronger evidence that electron ionisation coefficient is larger than hole ionisation coefficient since a clear reduction in excess noise was observed when the carrier injection profile moves towards pure electron injection. The results showed extremely low excess noise corresponding to keff = 0.05 in PIN2 and 0.1 in PIN1 for pure electron injection. The excess noise on an InGaAs/AlAsSb SAM APD was also measured with keff ~ 0.15 and compared to an InGaAs/InAlAs SAM APD with keff ~ 0.2. They both have very thin multiplication regions close to the limit for tunnelling current. The InGaAs/AlAsSb SAM APD2 have a slightly lower noise than the InGaAs/InAlAs SAM APD3. 

The excess noise measurement was also repeated using a bandpass filter with a 1 MHz centre frequency instead of that with a 10 MHz centre frequency. The consistency between the two sets of result further confirmed the low excess noise characteristic is independent of measurement frequency. Although the unpassivated devices have shown high surface leakage current, this may not cause a big problem when a thin AlAsSb is incorporated as a multiplication layer in a SAM APD structure as the recent work showed the dark current in an InGaAs/AlAsSb APD with a 40 nm AlAsSb multiplication region was dominated by bulk mechanism [[endnoteRef:129]]. Therefore, AlAsSb have tremendous potential to be used as multiplication layer for low noise APDs.  [129: [] C. H. Tan, S. Xie and J. Xie, Low Noise Avalanche Photodiodes Incorporating a 40 nm AlAsSb Avalanche Region.IEEE J. Quantum. Electron., Jan. 2012. vol.48, no. 1: pp. 36-41.] 
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[bookmark: _Toc360194868][bookmark: _Toc365542683]Chapter 6 Bandwidth of InGaAs/AlAsSb SAM APDs

In chapter 5 AlAsSb has been demonstrated to exhibit extremely low excess noise when very thin avalanche region width is employed. Here the bandwidth and gain bandwidth product of an InGaAs/AlAsSb SAM APD (here referred to SAM APD1) will be characterised. 

[bookmark: _Toc360194869][bookmark: _Toc365542684]6.1 Introduction
[bookmark: _Ref364334352][bookmark: _Ref364334302][bookmark: _Ref364334415][bookmark: _Ref364334539][bookmark: _Ref364334438][bookmark: _Ref364334580][bookmark: _Ref364334598]In an optical communication system, high speed and high sensitivity avalanche photodiode is a key component in realising high performance. The bandwidth of an APD represents its ability to respond to high frequency signals. Compared to p-i-n structure, APDs can have enhanced sensitivities when the noise is dominated by amplifier noise. However APDs normally have lower bandwidth due to the longer avalanche duration associated with high avalanche gain. As avalanche gain and bandwidth are trade-off parameters, gain bandwidth product (GBP) is used to evaluate an APD’s overall high frequency performance. For APDs used in optical communication, different material systems have been explored to achieve high GBPs. Si APDs are not utilised in optical communication due to the inability of response within the optical communication windows at 1.31 and 1.55 m. In the recent years Ge, although with 4% lattice mismatch to Si, has been extensively researched as absorption layer in Ge/Si SAM APD with Si as the multiplication layer, taking advantage of its low noise characteristic. Due to the crystal defects between Ge and Si, careful device processing and structure design is necessary to minimise the device degradation introduced by the interface defects [[endnoteRef:130]]. The bandwidth characteristics of Ge/Si SAM APD structures have been studied and the GBP as high as 340 GHz was reported [[endnoteRef:131]]. However the dark current of Ge/Si APD is typically higher than lattice matched InGaAs/InP APDs. For commercial APDs, InGaAs/InP SAM APD is the preferred choice since InP has shown reasonably low excess noise and low dark current characteristics. InAlAs was considered as a replacement to InP as InAlAs has a more disparate ionisation coefficients of electron and hole leading to lower excess noise than InP. The gain bandwidth products of some InGaAs/InP and InGaAs/InAlAs SAM APDs with different avalanche widths reported [[endnoteRef:132],[endnoteRef:133],[endnoteRef:134],[endnoteRef:135],[endnoteRef:136],[endnoteRef:137],[endnoteRef:138]] are shown in Figure 6.1. The thickness of avalanche region is critical to achieve a high GBP in an APD. Ideally, in order to achieve high bandwidth in an APD, a small ionisation coefficient ratio is needed to minimise the avalanche duration at a given gain or the multiplication region needs to be scaled down to reduce the carriers’ transit time. It can be seen in Figure 6.1that InGaAs/InAlAs APDs have higher GBP values than InGaAs/InP APDs. According to the classical paper by Emmon [[endnoteRef:139]], the GBP increases with a more dissimilar ionisation coefficient of electron and hole. In InP APDs with avalanche width > 1 µm when the dead space effect is negligible [[endnoteRef:140]], the ionisation coefficient ratio keff ~ 0.4-0.6 for the avalanche width ~ 1.25-2.5 µm [12]. This relatively close values for ionisation coefficients limited InGaAs/InP SAM APDs to a moderate GBPs. InAlAs has a more disparate ionisation coefficients of electron and hole with keff ~ 0.15-0.5 with avalanche width ~ 2.2-2.5 µm, which is more advantageous in achieving higher GBP. [130: [] J. E. Bowers, R. Anand, D. Dai, Z. W. Sfar, Y. Kang, Y. Tao, M. Mike, Recent advances in Ge/Si PIN and APD photodetectors.Physica Status Solidi (c), vol. 7, no. 10: pp. 2526-2531,2010.
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[bookmark: _Ref364334236]Since there are extremely limited methods of improving GBP via optimisation of ionisation coefficient ratio, reducing multiplication region thickness is a more practical approach provided the onset of band to band tunnelling current is avoided. It is necessary to carefully select the electric field such that the avalanche multiplication is a significantly more dominant high field process than the tunnelling process. In InP APDs tunnelling current is reported to increase rapidly when the electric field exceeds 600 kV/cm [[endnoteRef:141]]. Therefore the avalanche region thickness should be chosen to achieve the required high gain at this field, leading to a recommended avalanche region thickness of no less than 0.2 µm in InGaAs/InP SAM APDs [4]. For InAlAs APDs the tunnelling current becomes a dominant component at an electric field of 680 kV/cm [[endnoteRef:142]], so that even thinner avalanche region thickness of 0.2 µm can be adopted in high speed InGaAs/InAlAs SAM APDs. In terms of dark current, InGaAs/InAlAs APDs have exhibited similar dark current levels as the InGaAs/InP APDs. In the InGaAs/InP SAM APDs, the dark current level is around 1×10-9 A at the breakdown voltages with device diameters ~ 20 µm [3,4]. The InGaAs/InAlAs SAM APDs reported [5,7,[endnoteRef:143]] have the dark current levels ranging from the order of 1×10-9 to 1×10-7 A on devices with diameters ~ 30 µm. Due to the lower limit of avalanche widths for both InP and InAlAs, it is unlikely that they can achieve much higher GBP by reducing their avalanche widths. New materials with wider bandgaps and lower limit of avalanche widths are needed. For GaAs based material, the wide bandgap ternary material AlGaAs can be considered lattice matched to GaAs for all Al compositions. AlGaAs has been reported with low excess noise due to dead space effect with effective ionisation coefficient ratio corresponding to keff ~ 0.2 with w< 100 nm [[endnoteRef:144]], but GaAs/AlGaAs is not suitable for optical communication systems. While the potential of InGaAsN (lattice matched to GaAs) to be used as an absorber has been studied with strong absorption up to 1.3 µm [[endnoteRef:145]], no SAM APD incorporating InGaAsN with AlGaAs on GaAs substrate has been reported. AlAsSb is lattice match to InP and has lower limit of avalanche width for tunnelling current because of its indirect and wider bandgap. Besides, it has shown excess noise as low as Si APDs. Therefore, in this chapter, the frequency response of an InGaAs/AlAsSb APD will be studied, to explore its potential to achieve high GBP.  [141: [] L. J. J. Tan, J. S. Ng, C. H. Tan and J. P. R. David, Avalanche Noise Characteristics in Submicron InP Diodes. IEEE J. Quantum Electron, vol. 44, no. 4: pp. 378-382,Apr. 2008.
]  [142: [] Y. L. Goh, D. J. Massey, A. R. J. Marshall, J. S. Ng, C. H. Tan, W. K. Ng, G. J. Rees, M. Hopkinson, J. P. R. David and S. K. Jones, Avalanche Multiplication in InAlAs.IEEE Trans. Electron Devices, vol. 54, no. 1: pp. 11-16,Jan. 2007.
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[bookmark: _Ref360633952]Figure 6.1 Gain bandwidth product of selected InGaAs/InP [3,4], InGaAs/InAlAs [5,6,7,8,9] and Ge/Si SAM APDs

[bookmark: _Toc360194870][bookmark: _Toc365542685]6.2 Device structure
The high speed APD fabrication details have been discussed in chapter 4. The structure characterised in this chapter, referred to as SAM APD1 is shown in Figure 6.2. It was grown on a semi-insulating InP substrate by MBE. The multiplication region has a thin 50 nm AlAsSb layer, the charge sheet layer is comprised of a p+ InAlAs, i InAlAs and p+ AlAsSb layers for achieving high electric field in the multiplication region. The absorption layer is a 500 nm undoped InGaAs layer which is sandwiched between two 50 nm InAlGaAs (with bandgap of 1.1 eV) grading layers to reduce carriers accumulation at the heterojunction interface. The structure was fabricated by wet chemical etching. Ti/Pt/Au (10/30/200 nm) metals were deposited as the top contact and Ti/Au (20/200 nm) deposited as the bottom contact. The device was passivated with SU-8 as this has been shown to cause negligible increase in surface leakage current. The structure was fabricated into mesa structures with device diameters ranging from 25 to 250 µm. 
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[bookmark: _Ref360633953]Figure 6.2 High speed InGaAs/AlAsSb SAM APD1 structure

[bookmark: _Toc365542686]6.3 Electrical characterisation
[bookmark: _Toc365542687]6.3.1 Contact resistance
It is essential to measure the contact resistance using TLM technique (discussed in section 3.5.1) as this is used to estimate the RC limited bandwidth. It has been discussed that Ti/Pt/Au (10/30/200 nm) was deposited on InGaAs contact layer as the top metal contact and has been annealed at 420 oC for 30 s to improve the contact resistivity. The TLM result is shown in Figure 6.3. As the system resistance is 3 Ω, as described in chapter 3, the contact resistance Rc of 21.6 Ω was measured. The contact resistivity was calculated as the product of Rc and the metal pad area A as Rc • A=21.6×(100×50)×10-8 Ω•cm2 = 1.08×10-3 Ω•cm2. In order to work out the contact series resistance, it is necessary to estimate the areas of the top metal contacts (including the area covered by bondpad metals). The metal areas and the estimated contact resistance of selected devices calculated from the above contact resistivity are listed in Table 6.1. The contact resistivity is quite critical especially in small devices as the smaller devices have higher contact resistance because of much smaller contact areas.  

[bookmark: _Ref364956437][bookmark: _Ref364956467]The contact resistance in our work is not optimised for high speed APDs as the lowest contact resistivity of Au-based metal material system on p-type InGaAs reported in other literatures [[endnoteRef:146],[endnoteRef:147],[endnoteRef:148]] is ~ 10-6 Ω·cm2. The relatively high resistivity leads to the high contact resistance in the smallest devices. Two possible reasons may apply to the high contact resistance, first the doping in the p+ InGaAs is not sufficiently high. This can be inspected from the sheet resistance value as low doping will result in high sheet resistance. The sheet resistance extracted from Figure 6.3 is 543.6 Ω, compared to the reported sheet resistance in [17,18] which are 128 and 130 Ω with high doping densities in p+ InGaAs of 1.0×1019 and 5.0×1018 cm-3 respectively. If the doping in our top InGaAs layers is optimised, we believe the contact resistance will be improved. The other reason for the high contact resistance might come from the lack of surface cleaning on the InGaAs surface. Hydrogen cleaning was reported as an effective way to remove the native oxides resulting in an atomically clean surface. This is performed by exposing the sample in atomic hydrogen in an ultra-vacuum chamber at elevated temperature for a certain amount of time. This will produce an atomically clean surface free of oxides [[endnoteRef:149],[endnoteRef:150]].  [146: [] A. Bengi, S. J. Jang, C. I. Yeo, T. Mammadov, S. Ozcelik, Y. T. Lee, Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs. Solid-State Electronics, vol. 61: pp. 29-32, 2011.
]  [147: [] Y. T. Lyu, K. L. Jaw, C. T. Lee, C. D. Tsai, Y. J. Lin, Y. T. Cherng. Ohmic performance comparison for Ti/Ni/Au and Ti/Pt/Au on InAs/graded InGaAs/GaAs layers. Materials Chemistry and Physics, vol. 63: pp. 122-126, 2000.
]  [148: [] W. K. Chong, E. F. Chor, C. H. Heng, and S. J. Chua, (Pd, Ti, Au)-Based Ohmic Contacts to p- and n-doped In0.53Ga0.47As. Compound Semiconductors, IEEE International Symposium, Sep. 1997. pp. 171-174,1997
]  [149: [] W. Melitz, J. Shen, T. Kent, A. C. Kummel, and R. Droopad, InGaAs surface preparation for atomic layer deposition by hydrogen cleaning and improvement with high temperature anneal. J. Appl. Phys., 110, 013713, 2011.
]  [150: [] F. S. Aguirre-Tostado, M. Milojevic, C. L. Hinkle, E. M. Vogel, R. M. Wallace, Indium stability on InGaAs during atomic H surface cleaning. J. Appl. Phys, 92, 171906, 2008.
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[bookmark: _Ref360633954]Figure 6.3 TLM result of Ti/Pt/Au (10/30/200 nm) on InGaAs layer (InGaAs/AlAsSb SAM APD1)

[bookmark: _Toc360194871][bookmark: _Toc365542688]6.3.2 Capacitance-voltage measurement
[bookmark: _Ref364962481]The capacitance of devices with diameters of 250, 100, 50 and 25 µm were measured and are shown in Figure 6.4. The result shows a punch through voltage at 7.8 V. The CV modelling was performed on the largest device with diameter of 250 µm and the electric field was extracted as described in [[endnoteRef:151]] and shown in Table 6.2. Compared to the intended parameters (doping densities and layer thicknesses), the punch through voltage has shifted to lower bias and the doping density in the AlAsSb charge sheet layer (1×1017 cm-3) is one order of magnitude lower than the intended level (1×1018 cm-3), which also resulted in high electric field in the InGaAs absorption layer and consequently high tunnelling current from InGaAs. At the punch through voltage, the capacitance is 8.06, 1.28, 0.34 and 0.07 pF for the devices with 250, 100, 50 and 25 µm diameters respectively. The contact resistance is listed in Table 6.1, together with the estimated RC limited bandwidths of 1.25, 1.43, 2.05 and 3.2 GHz for these devices with diameters from 250 to 25 m. [151: [] C. H. Tan, S. Xie, and J. Xie, Low Noise Avalanche Photodiodes Incorporating a 40 nm AlAsSb Avalanche Region.IEEE J. Quantum Electron, vol. 48, no. 1: pp. 36-41,Jan. 2012.
] 

	Device diameter (µm)
	Metal area
(cm2)
	Contact resistance (Ω)
	Capacitance (pF)
	RC limited bandwidth (GHz)

	250
	6.87×10-5
	15.7
	8.06
	1.25

	100
	1.24×10-5
	87.1
	1.28
	1.43

	50
	4.74×10-6
	227.8
	0.34
	2.05

	25
	1.6×10-6
	675
	0.07
	3.2



[bookmark: _Ref360633955]Table 6.1 Estimated contact resistance on devices with different areas
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[bookmark: _Ref360633956]Figure 6.4 Capacitance-voltage characteristic of SAM APD1 with diameters of 250, 100, 50 and 25 µm




	Layer
	Material
	Dopant
	Doping concentration (cm-3)
	Thickness (nm)

	
	
	
	Nominal
	Fitted
	Nominal
	Fitted

	p+ cap
	InGaAs
	Be
	1×1019
	-
	10
	-

	p+ cladding
	InAlAs
	Be
	>5×1018
	5×1018
	300
	-

	grading
	InAlGaAs (Eg=1.1 eV)
	-
	undoped
	1×1018
	50
	50

	i-absorber
	InGaAs
	-
	undoped
	6×1015
	500
	500

	grading
	InAlGaAs (Eg=1.1 eV)
	-
	undoped
	6×1015
	50
	50

	p charge sheet
	InAlAs
	Be
	5×1017
	5×1017
	55
	55

	Intrinsic
	InAlAs
	-
	Undoped
	1×1015
	50
	50

	p charge sheet
	AlAsSb
	Be
	1×1018
	1×1017
	44
	44

	i-multiplication
	AlAsSb
	-
	Undoped
	1×1015
	50
	40

	n+ cladding
	AlAsSb
	Si
	>5×1018
	5×1018
	100
	-

	n+ etch stop
	InGaAs
	Si
	1×1019
	-
	300
	-



[bookmark: _Ref360633957]Table 6.2 Fitted and nominal doping densities and layer thickness of the SAM APD1 [22]

[bookmark: _Toc360194872][bookmark: _Toc365542689]6.3.3 Current-voltage characteristic
The dark current measurement was performed on the devices with diameters ranging from 25 to 250 µm. The current densities and the measured leakage current between adjacent bondpads are shown in Figure 6.5 (a). It is obvious that the currents from small devices (d = 50, 25 µm), at reverse biases below 5 V, are limited by the leakage current between the ground and signal bondpads. The current densities from those devices suggest that the surface leakage current is not completely suppressed in small devices. Figure 6.6 shows the measured DC photocurrent from a device with diameter of 100 µm with a punch through voltage observed at 7.8 V, at which the absorption layer is fully depleted. The punch through voltage can be conventionally read from a sudden increase in IV curves, while in devices with high surface leakage current, the increase in IV is not pronounced. The other way is to define it from the CV (shown in Figure 6.4) as is less affected from leakage current. In Figure 6.5, all the devices show a sharp increase in dark current at around 24 V. Therefore their avalanche multiplication characteristics were measured to investigate the breakdown mechanism.
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(b)
[bookmark: _Ref360633958]Figure 6.5 (a) Dark current and (b) current densities of InGaAs/AlAsSb SAM APD1 with diameters, d of 250, 100, 50 and 25 µm
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[bookmark: _Ref360633959]Figure 6.6 Photocurrent and dark current on an SAM APD1 with diameter of 100 µm

[bookmark: _Toc360194873][bookmark: _Toc365542690]6.4 Photo-multiplication
The photo-multiplication measurement was performed using a He-Ne laser with 1520 nm wavelength. There are two sets of setup for coupling laser to the APD in the photo-multiplication measurement, via free space and fibre. The spot size of a fibre is very difficult to determine as there is no abrupt boundary that defines the extent of the mode field. The signal is decaying exponentially and there is no exact cutoff point. The single mode fibre used in this work has a cladding layer diameter of 125 µm although the core size is much smaller ~ 9.5 µm (defined by the optical power reduced to 1/e2); there is still an non-negligible amount of signal travelling through the cladding layer. In addition to this, the alignment on small devices is difficult as by aligning a fibre with 125 µm diameter on a device with diameter < 100 µm under microscope, the fibre will block the view field and affect the accuracy of alignment. Therefore, for small devices, it is difficult to ensure the spot size is less than the device optical windows. In order to have pure top injection to avoid side injection, the free space alignment, which can achieve a laser spot size as small as ~ 20 µm, was used. The photo-multiplication measurement was performed using the two setups and the results were compared. The light was illuminated onto the top optical window of device and was chopped at a frequency of 180 Hz to generate a distinguishable photocurrent. The avalanche gain was obtained by normalising the photocurrent to the punch through voltage (7.8 V). The measured gain of a device with 100 µm diameter using the free space alignment setup, together with its dark current is shown in Figure 6.7. The apparent breakdown voltage observed from the dark current is represented by the red dashed line for comparison with the avalanche gain. Clearly there is a discrepancy between the breakdown indicated by the dark current and that by the avalanche gain. An extrapolation of 1/M suggests that breakdown voltage is above 25 V compared to 24 V estimated from the sharp rise in the dark current. In fact the rapidly increasing dark current prevented accurate gain measurement at high bias, limiting the maximum measurable gain to 8.3 at the applied bias of 26.5 V. To investigate whether the apparent lower breakdown voltage is due to a premature edge breakdown, the photo-multiplication measurement was repeated with light illuminating on the edge and the centre of a  device with diameter of 400 µm fabricated using the NEWPIN mask set, as illustrated in Figure 6.8. The gain obtained from the illuminating light on the edge has a much sharper increase than that on the centre. The sharp breakdown shown in Figure 6.8 at around 24 V, agrees with the breakdown voltage in dark current in Figure 6.7, confirming the presence of edge breakdown. The photo-multiplication measurement using the fibre alignment was performed on high speed devices with diameters from 25 to 250 µm as shown in Figure 6.9. The largest device with a diameter of 250 µm shows the same multiplication value as the ones using the free space alignment and is less likely to suffer from edge breakdown as the light spot size is smaller than the device optical window. However, in smaller devices, their gain increases greatly at 24 V which is most likely due to edge breakdown problem. 
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[bookmark: _Ref360633960]Figure 6.7 Photo-multiplication and dark current of an InGaAs/AlAsSb SAM APD1 of 100 µm diameter of NEWPIN mask set
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[bookmark: _Ref360633961]Figure 6.8 Avalanche gain measured with light illuminating in the center and on the edge on a device with diameter of 400 µm fabricated using the NEWPIN mask set.
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[bookmark: _Ref360633962]Figure 6.9 Avalanche gain measured on high speed devices with different diameters from 25 to 250 µm using fibre alignment

It is necessary to identify the origin of edge breakdown in these devices. As discussed in chapter 3 the mesa structure was etched using a selective wet chemical etching in which the InGaAs, InAlGaAs and InAlAs layers were etched using sulphuric acid : hydrogen peroxide : deionised water = 1:8:80 and the AlAsSb was etched using hydrochloric acid : hydrogen peroxide : deionised water = 1:1:5.  The two etchants have different etch rates and produced different mesa slopes as shown in Figure 4.8 (b). An illustration of the high speed device surface contour in this work and a generic APD are shown in Figure 6.10. In a generic APD, the etch profile has a positive bevelled angle that the electric field at the surface is lower than that in the body. In this selectively etched APD, the angle at the interface will modify the electric field distribution at the surface and in the body which is different from a generic APD. This could produce higher electric field at the surface than that in the body. The bevelled angle changed from negative to positive when the depletion width get across the interface point A and the potential lines become more crowded at the surface where it becomes a high field spot. The control of electric field by surface contouring was studied by Davies [[endnoteRef:152]] that in a lightly doped one sided p-n junction, the surface electric field is significant higher than that in the body when the surface contour has a bevelled angle θ ~ -45o. To suppress the edge breakdown problem, the geometry on the edge must be altered in this structure. A few methods can be considered to suppress the edge breakdown such as fabricating planar device with diffusion guard ring [[endnoteRef:153]], pre-etched wells [[endnoteRef:154]] and a partial etched charge sheet mesa [[endnoteRef:155]]. Care should be taken when illuminating light onto the device to avoid side injection so that to avoid edge breakdown in avalanche gain measurement. [152: [] R. L. Davies, and F. E. Gentry, Control of electric field at the surface of P-N junctions.IEEE Trans. Electron Devices, vol. 11, no. 7: pp. 313-323,1964.
]  [153: [] D. E. Ackley, J. Hladky, M. J. Lange, S. Mason, G. Erickson, G. H. Olsen, V. S. Ban, Y. Liu, and S. R. Forrest, InGaAs/InP Floating Guard Ring Avalanche Photodiodes Fabricated by Double Diffusion. IEEE. Photon. Tech. Lett., vol. 2, no. 8: pp. 571-573,Aug. 1990.
]  [154: [] L. E. Tarof, R. Bruce, D. G. Knight, J. Yu, H. B. Kim, and T. Baird, Planar InP-InGaAs Single-Growth Avalanche Photodiodes with No Guard Rings. IEEE Photon. Tech. Lett., vol. 7, no. 11: pp. 1330-1332,Nov. 1995.
]  [155: [] Y. G. Xiao, Z. Q. Li, Z. M. Simon Li, Suppressing premature edge breakdown for InP/InGaAs avalanche photodiodes by modelling analyses. Proc. of SPIE. vol. 7055
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[bookmark: _Ref360633963]Figure 6.10 Mesa surface contour of (a) a generic APD and (b) high speed device etched by two different etchants
[bookmark: _Toc360194874][bookmark: _Toc365542691]6.5 Frequency response and gain-bandwidth product
The frequency response measurement in this work was carried out using a network analyser Agilent E8364B, as described in chapter 3. The system was first calibrated using an U2T commercial diode with a 50 GHz bandwidth to estimate the system loss from the cable, connectors and optical modulators. 

The frequency response measurement was carried out on the SAM APD1 (InGaAs/AlAsSb APDs) from the punch through voltage to 24 V below which the dark current is less dominant. From Table 6.1, the smallest device (d = 25 µm) has the least RC effects and hence was used for this frequency response measurement. The normalised frequency response on the same device is also shown in Figure 6.11 (a), and the avalanche gain measured is shown in Figure 6.11 (b).The frequency response was measured up to 24 V and was normalised to 0.1 GHz by taking the response at 0.1 GHz as a 0 dB reference. The gain measured in this device clearly shows much higher level than the gain measured on devices using the free space alignment as shown in Figure 6.7, indicating the edge breakdown has occurred in the frequency response measurement. This was due to the device area (d = 25 µm) is much smaller than the fibre cladding diameter (d = 125 µm) that the laser spot size is larger than the device optical window, so that side injection is unavoidable. The high electric field on the mesa edge surface has caused multiplied photo-carriers leads to edge breakdown. In addition, it was difficult to ascertain the exact spot size of the laser from the fibre. Therefore it is highly probable that the measurements were compromised by edge breakdown initiated by photo-carriers from absorption at the sidewall. 

The -3 dB bandwidth, extracted from the frequency response, versus avalanche gain of device with 25 µm diameter is shown in Figure 6.12 and compared to those from devices with 50 and 250 µm diameters. The -3 dB bandwidth of the 25 µm diameter device increases with gain up to 3.4 GHz and is not changing at gain above 10. Measurements from the larger devices (d= 50, 250µm) show similar trend. The constant bandwidths independent of avalanche gain on devices with 250, 50 and 25 µm diameters are 650 MHz, 2.05 GHz and 3.4 GHz respectively. These results vary slightly from device to device due to the dominance of edge breakdown. However they indicated that edge breakdown is significant even in the largest device, suggesting that the optical spot from the fibre is large. For 50 and 25 µm diameter devices, the measured bandwidths are very close to the estimated RC limited bandwidths shown in Table 6.1. The 250 µm diameter device shows a lower bandwidth than the estimated value from RC effect, possibly because of an under-estimated series resistance. Due to the dominance of the RC effect, the avalanche limited bandwidth was not successfully obtained. However it is interesting to note that despite the large gain caused by the edge breakdown, there is no apparent avalanche limited bandwidth, suggesting that it could be higher than the RC limited bandwidth, assumed to be 3.4 GHz. On the device with 25 m diameter the highest gain is 96.2 with a RC limited bandwidth of 3.4 GHz. Using this it appears possible that the gain bandwidth product in this InGaAs/AlAsSb SAM APD1 is greater than 3.4×96.2 = 327 GHz, which is much higher than most GBPs of InGaAs/InAlAs and InGaAs/InP SAM APDs inFigure 6.1. 
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[bookmark: _Ref360633964]Figure 6.11 (a) Normalized frequency response as a function of bias and (b) avalanche gain of the device with diameter of 25 µm
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[bookmark: _Ref360633965]Figure 6.12 Bandwidth versus avalanche gain on devices with diameters of 250, 50 and 25 µm


Although the bandwidth of the 25 µm device is limited to 3.4 GHz, it is still interesting to explore whether useful signal amplification can be achieved at 10 GHz. Output signals measured on a device with 25 µm diameter are shown in Figure 6.13. The signal at 8.5 V is quite weak and noisy since it is close to the system noise level. When biased at 24 V, the signal at 1 GHz was amplified by 26 dB, while at 10 GHz, a 25 dB amplification was achieved. These similar amplification factors further support the argument that the bandwidth is not limited by the avalanche process.
[image: ]
[bookmark: _Ref360633966]Figure 6.13 Frequency response on a device (d = 25 µm) with the optical power of 0.5 mW
[bookmark: _Toc360194875][bookmark: _Toc365542692]6.6 Power linearity
An important property of an optical amplifier is the linearity between the optical input signal and the output signal as the signal will not be distorted at different input power intensity. Power linearity simply means how closely the output signal resembles the input signal. Linear amplification is required when signal contains amplitude modulation. In very wide band multi-channel wavelength-division-multiplexed system, amplification nonlinearity and cross talk between channels are always caused by gain nonlinearity. Especially at high power intensity, if the optical amplifier cannot respond to the optical power, the gain will be reduced and the signal transmitting through the system will become complicated. In this section, we studied the power linearity in our APDs. The frequency response of a device with 25 µm diameter was measured at 1 GHz with the RF power varying from -10 to 5 dBm to study its power linearity at different gain. The results are shown in Figure 6.14. The noise floor from 1 to 10 GHz is around -105 dBm such that any signal below this level cannot be measured. The response measured at -8 V with input RF power less than -4 dBm is close to the noise floor so that with lower RF power, the response is limited by the system noise. The response on the device is linear over the input RF power from -10 to 5 dBm, at each bias from -8 to -24 V and has an increase of 33 dBm. 
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[bookmark: _Ref360633968]Figure 6.14 Photo response with RF power sweep from -10 to 5 dBm at 1GHz

[bookmark: _Toc360194876][bookmark: _Toc365542693]6.7 Conclusion
High speed InGaAs/AlAsSb SAM APDs have been fabricated and the frequency response characteristics have been studied. The high speed APDs have shown a breakdown at 24 V from dark current results. Two sets of optical alignments (free space and fibre alignments) were performed to investigate the breakdown mechanism. Since the free space alignment could produce smaller spot size to avoid side injection, the gain obtained from illuminating light in the centre optical window of the device is lower than that obtained from side injection. This, coupled with lower apparent breakdown voltage deduced from the dark current, confirm the presence of edge breakdown in our devices. The edge breakdown is especially serious in small devices as the spot size is larger than the device area and the side injection induces the edge breakdown, leading to irreproducible gain at the biases around 24 V.  The edge breakdown problem is believed to originate from the angle formed on the surface of the mesa since the device was selectively etched using two different chemical etchants which produces different etch profiles. The interface of the etch stop layer is very close to the multiplication region and that introduces high electric field on the surface. 

The bandwidths of devices with different areas were measured as well. They are mainly limited by RC effect as the measured bandwidths agree with the estimated RC limited bandwidth calculated from the contact resistance and device capacitance. Although the gain was measured up to 100 in small device, it was largely due to edge breakdown. The bandwidth was found to be independent of avalanche gain and the rolling off bandwidth due to avalanche build up time was not observed. We believe that the structure may have potential to achieve a gain-bandwidth product over 327 GHz. This was supported by the similar amplification factors obtained at 1 and 10 GHz which confirms avalanche effect was not observed in our APDs. The frequency response of the InGaAs/AlAsSb SAM APDs has been shown to be linear with optical power. 
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[bookmark: _Toc365542695]Chapter 7 Temperature dependence of InGaAs/AlAsSb APDs
[bookmark: _Ref357692505]In chapter 5 a thin AlAsSb avalanche region has been demonstrated to exhibit very low excess noise. When AlAsSb is incorporated as a multiplication region with InGaAs absorption layer in a SAM APD structure, low excess noise was achieved [[endnoteRef:156]]. Since AlAsSb suffers less tunnelling current compared to InAlAs and InP with the same thin avalanche region width, AlAsSb is a promising option to adopt much thinner avalanche region. This chapter focuses on the study of AlAsSb APDs’ temperature dependence of dark current, avalanche gain and breakdown voltage.  [156: [] C. H. Tan, S. Xie, J. Xie, Low Noise Avalanche Photodiodes Incorporating a 40 nm AlAsSb Avalanche Region.IEEE J. Quantum. Electron., vol.48, no. 1: pp. 36-41,Jan. 2012.
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[bookmark: _Toc355795015][bookmark: _Toc360194862][bookmark: _Toc365542696]7.1 Introduction
Avalanche multiplication provides the internal gain that can enhance the sensitivity of an APD-preamplifier module. As carriers traverse the high field avalanche region, they gain energy from the electric field but also lose energy via phonon scattering. The phonon scattering mechanism is strongly temperature dependent, can have a strong influence on the avalanche gain and the breakdown voltage. This has been one of the limitations of APDs since additional control electronics are necessary to maintain the APD performance. For instance, in some typical system, a constant gain is required and the bias must vary to compensate the effect of temperature on avalanche gain. The APDs in receiver modules requires bias circuit generate variable voltage to optimise the sensitivity [[endnoteRef:157]]. In airborne remote sensing differential absorption LIDAR systems for measuring water vapour in the atmosphere, APDs are mounted on thermoelectric cooler so that temperature for the APD is maintained [[endnoteRef:158]]. Another important example, in which stability of gain is essential, is a photon counting system using a single photon avalanche photodiode (SPAD). The SPAD is normally biased at a fixed voltage above its breakdown voltage. A small change in the temperature can result in a change of the breakdown voltage leading to a large change in the breakdown probability at the applied bias. Moreover in a material with a positive temperature coefficient of breakdown voltage, the breakdown probability decreases while the dark count increases exponentially with temperature [[endnoteRef:159]]. Consequently in most semiconductors, such as Si and InP, the overall single photon detection quantum efficiency will be reduced dramatically with increasing temperature [[endnoteRef:160]]. The temperature dependence of avalanche breakdown has also been exploited in an attempt to prevent photon counting in a Si SPAD [[endnoteRef:161]]. This was done by using an intense light pulse that increases the temperature of the SPAD to increase its breakdown voltage such that it operates in the analogue rather than the Geiger mode. Therefore reducing the temperature dependence of avalanche gain will reduce the influence of temperature fluctuation, on the performance of APDs and SPADs. [157: [] Low-Noise APD Bias Circuit. Application Noise, Maxim integrated. Jan 2003.
]  [158: []T. F. Refaat, H. E. Elsayed-Ali, Advanced Atmospheric Water Vapor DIAL Detection System.NASA Technical Publications 210301,Jun. 2000.
]  [159: [] S. Mandai, M. W. Fishburn, Y. Maruyama, and E. Charbon, A Wide Spectral Range Single-photon Avalanche Diode Fabricated in An Advanced 180 nm CMOS Technology.Opt. Express, vol. 20, no. 6: pp. 5849-5857,2012.
]  [160: [] G. Ribordy, J. D. Gautier, H. Zbinden, and N. Gisin, Performance of InGaAs/InP Avalanche Photodiodes as Gated-mode Photon Counters.Appl. Opt., vol. 37, no. 12: pp.2272-2286,1998.
]  [161: [] L. Lydersen, C. Wiechers, C. Wittmann, D. E. J. Skaar, and V. Makarov, Thermal Blinding of Gated Detectors in Quantum Crypotography.Opt. Express, vol. 18, no. 26: pp. 27938-27954,2010.
] 


[bookmark: _Ref358189381][bookmark: _Ref357693073][bookmark: _Ref364868887][bookmark: _Ref357691195][bookmark: _Ref357692136]The temperature dependence of avalanche gain is usually characterised using the temperature coefficient of breakdown voltage, Cbd. The temperature dependence of breakdown voltage has been reported for a number of semiconductors and Cbd has been found to increase with the avalanche region width, w [[endnoteRef:162],[endnoteRef:163],[endnoteRef:164],[endnoteRef:165],[endnoteRef:166],[endnoteRef:167]]. Small Cbd values such as 1.53 mV/K for Si with w ~ 0.1 µm [7], 6 mV/K for InP with w ~ 0.13 µm [11], 2.5 mV/K for InAlAs with w ~ 0.1 µm [11], and 0.95 mV/K for AlAsSb with w ~ 0.08 µm [12] have been reported. In addition to simple pin or nip diodes, Cbd values for InGaAs/InP SAM APDs have been exhibited ranging from 46 [10] to 150 mV/K [[endnoteRef:168]], with the multiplication region width w from  0.2 to 0.4 μm. Even lower Cbd value of 23 mV/K was obtained for an InGaAs/InAlAs APD with w of 0.15 μm[11]. From all the reported results on Cbd, it can be seen that reducing w is beneficial in reducing Cbd. Unfortunately further reduction of Cbd through reducing w is not always practical as the onset of band to band tunnelling current will dominate the noise characteristics of the APD. Therefore, the adoption of a new avalanche material is necessary to meet the demand of maintaining Cbd as low as possible. The thin layer of AlAsSb APDs showed the smallest Cbd value amongst the semiconductors for compared [12]. An additional benefit of incorporating AlAsSb is low excess noise which makes AlAsSb APDs noise performance comparable to Si APDs. In this chapter, the detailed studies of the temperature dependence of avalanche gain and breakdown voltages in InGaAs/AlAsSb SAM APD with a 50 nm avalanche region width for the temperature range of 77 – 300 K are presented. An InGaAs/InAlAs SAM APD (here referred to SAM APD3) with 200 nm avalanche region width is also included in the Appendix F in terms of temperature dependent gain and breakdown voltages in the same temperature range as a comparison to the InGaAs/AlAsSb SAM APD (here after referred to SAM APD2). The two sets of APD have similar thickness for the InGaAs absorption layer and thin avalanche region widths (50 nm for SAM APD2 and 200 nm for SAM APD3), although the thicknesses are different, they are both close to their respective lower limits to ensure negligible tunnelling current.  [162: []D. J. Massey, J. P. R. David, and G. J. Rees, Temperature Dependence of Impact Ionization in Submicrometer Silicon Devices.IEEE Trans. Electron Devices, vol. 53, no. 9: pp.2328-2334,2006.
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[bookmark: _Toc355795016][bookmark: _Toc360194863][bookmark: _Toc365542697]7.2 Device structure
An illustration of the device structure of the InGaAs/AlAsSb SAM APD2 studied in this work is shown in Figure 7.1. The structure was identical to SAM APD1 but with improvement in charge sheet layers. The charge sheet (or field control) layer consists of 199 nm p+ip+ AlAsSb layers aimed at achieving electric field > 1 MV/cm in the multiplication region while maintaining a low electric field in the absorption layer to suppress tunnelling current. The charge sheet in SAM APD1 using InAlAs was replaced by AlAsSb in SAM APD2 since AlAsSb can sustain a higher electric field for tunnelling current. The structure has a very thin multiplication layer of only 50 nm which is designed to minimise the excess noise. The same procedure for etching as SAM APD1 was used on this structure as was fabricated into mesa structures with diameters ranging from 25 to 400 µm by using selective wet chemical etchant H2SO4 : H2O2 : H2O (1:8:80) and HCl : H2O2 : H2O (1:1:5). Ti/Pt/Au (10/30/200 nm) was deposited to form annular top contacts, annealing at 420 0C for 30 s after top contact deposition was performed to improve the contact resistivity. 
[bookmark: _Ref353806941][image: ]
[bookmark: _Ref355813049]Figure 7.1 Device structures of InGaAs/AlAsSb SAM APD2

[bookmark: _Toc355795017][bookmark: _Toc360194864][bookmark: _Toc365542698]7.3 Temperature dependent current-voltage characteristics
[bookmark: _Ref357693340][bookmark: _Ref357849693]The dark current-voltage measurements were performed on at the temperatures of 77, 140, 200, 250 and 300 K using a low temperature Janis ST-500 probe station. Figure 7.2 shows the temperature dependent dark currents for SAM APD2, measured on diodes with diameters of 100 µm. The dark current reduces by up to four orders of magnitude at low biases below 20 V. Although no well-defined breakdown voltages were observed. Between the voltage range of 25 to 30 V, the dark current shows a weak positive dependence on temperature. A faster increase of dark current was observed at around 32 V at 77 K due to the avalanche current is dominant over tunnelling current as shown in Figure 7.3. This is less obvious at higher temperature because of higher dark current. The dark current that weakly depends on temperature, is assumed to be tunnelling current. This tunnelling current can arise from the very thin multiplication layer AlAsSb (as most semiconductors such as InP [[endnoteRef:169]], InAlAs [[endnoteRef:170]] and InGaAs [[endnoteRef:171]] exhibit the tunnelling current when the avalanche region is reduced to below 100 nm) or tunnelling current from the absorption layer if the doping in the field control layer is too low. Ideally, the doping density in the field control layer should be high enough to achieve high electric field in the multiplication layer but low electric field in the absorption layer to suppress tunnelling current from the narrow bandgap absorption material. When the doping concentration in the charge sheet layer is too low, it will result in high electric field in the absorption layer which leads to high band to band tunnelling current. [169: [] L. J. J. Tan, J. S. Ng, C. H. Tan, and J. P. R. David, Avalanche Noise Characteristics in Submicron InP Diodes.IEEE J. Quantum. Electron., vol. 44 no.4: pp. 378-382,Apr. 2008.
]  [170: [] Y. L. Goh, D. J. Massey, A. R. J. Marshall, J. S. Ng, C. H. Tan, W. K. Ng, G. J. Rees, M. Hopkinson, J. P. R. David and S. K. Jones, Avalanche Multiplication in InAlAs.IEEE Trans. Electron Devices, vol. 54, no. 1: pp. 11-16,Jan. 2007.
]  [171: [] J. S. Ng, J. P. R. David, G. J. Rees, Avalanche breakdown voltage of In0.53Ga0.47As.J. Appl. Phys., vol. 91, no. 8: pp. 5200-5202,2002.
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[bookmark: _Ref353807194][image: ]
[bookmark: _Ref359762094]Figure 7.2 Temperature dependent dark currents of an InGaAs/AlAsSb SAM APD2 with a diameter of 100 µm at temperatures of 77, 140, 200, 250 and 300 K
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[bookmark: _Ref353807386]Figure 7.3 Dark current densities at 77 K obtained from the SAM APD2 with diameters, d = 50, 100 and 200 µm, together with the photocurrent obtained from a 200 µm diameter APD

To investigate whether the tunnelling current in Figure 7.2 originates from the AlAsSb avalanche region, an AlAsSb p-i-n structure with only a nominal 30 nm i-region was also characterised to study the band to band tunnelling current. The dark current and avalanche gain of a AlAsSb p-i-n homojunction (PIN3) with w of 30 nm were measured from 77 to 295 K. Figure 7.4 shows the temperature dependent dark current and avalanche gain of this thin PIN3, with structure illustrated in the inset of Figure 7.4. The gain was measured at temperatures from 77 to 295 K as well as the dark current. The same breakdown voltages were deduced from both dark current and photocurrent measurement. It can be seen that the dark current is strongly dependent on temperature and has reduced up to three orders of magnitude from room temperature to 77 K. Besides, well-defined avalanche breakdown voltages were observed. The results indicate there is negligible band to band tunnelling current in this very thin structure. Note that the PIN3 has shown the same breakdown voltage as PIN1 which is due to the low doping in its cladding layers that its depletion width at breakdown is similar to that of PIN1 so that they have shown similar breakdown voltages. The peak electric field in PIN3 at the breakdown voltage is up to ~ 1 MV/cm, which is higher than the electric field ~ 800 kV/cm in the multiplication region of SAM APD1. Therefore, we believe the tunnelling current observed in SAM APD2 is unlikely to originate from the 50 nm AlAsSb multiplication region. 
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[bookmark: _Ref353807513]Figure 7.4 Temperature dependent dark current and photocurrent of a thin AlAsSb p-i-n structure (PIN3) with i-region thickness of 30 nm

[bookmark: _Toc365542699]7.4 Capacitance-voltage measurement
The capacitance-voltage characteristic of SAM APD2 was measured and compared to the capacitance predicted using nominal design parameter values. These parameters are included in appendix A. The capacitance values measured on diodes with different diameters scale with area indicating negligible undercut problem. The capacitance of the device with a diameter of 400 µm, and that from the intended capacitance, are shown in Figure 7.5. The measured capacitance at 0 V is much lower than the intended value indicating wider depletion width. The intended punch through voltage at 12 V has shifted to lower voltage of 8 V suggesting that the doping in the charge sheet layer is lower than the intended level so that the depletion width is extending faster and depleted the absorption layer at an earlier voltage. The low doping in the charge sheet layer would result in a higher electric field in the InGaAs absorption region and lower electric field in the multiplication region. The CV modelling was performed on this structure based on the SIMS result (Appendix D). The electric field extracted at 32 V (M ~ 18) is shown in Figure 7.6. It is clear that at this voltage, the electric field in the multiplication region is only 800 kV/cm, much lower than the intended level of 1.4 MV/cm. On the contrary, the absorption region has a high level of electric field over 307 kV/cm. This is too high since an InGaAs homojunction p-i-n diode with an i-region of 3.2 µm shows tunnelling dominated dark current at a reverse bias of 70 V [16], corresponding to an electric field of 216 kV/cm. Therefore, tunnelling current will be significant in this thin 500 nm InGaAs absorption layer in SAM APD2. 
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[bookmark: _Ref353807595]Figure 7.5 Measured and intended capacitance values of the InGaAs/AlAsSb SAM APD2 with a diameter of 400 µm
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[bookmark: _Ref353807748]Figure 7.6 Comparison of deduced and intended electric field profile in the InGaAs/AlAsSb SAM APD2

Using the extracted electric field, the multiplied tunnelling current from the InGaAs absorption layer could be estimated using the following equation [[endnoteRef:172]] [172: [] S. R. Forrest, R. F. Leheny, R. E. Nahory, and M. A. Pollack, In0.53Ga0.47As photodiodes with dark current limited by generation-recombination and tunneling. Appl. Phys. Lett. vol. 37, no. 3: pp.322-325,Aug. 1980.
] 



(7.1)

where q is the electron charge, m* is the effective electron’s mass, E is the electric field, A is the device area, h is the Plank’s constant, Eg is the bandgap, M is the avalanche gain, and σT is a constant that depends on the detailed shape of the tunnelling barrier and was found to be 1.19 to yield good fit to the measured dark current at 77 K. Since the ionisation coefficients for electron and hole are similar [[endnoteRef:173]] in thin AlAsSb structures, we assume the tunnelling current has the same gain as the avalanche gain from the photocurrent. A good agreement between experimental and fitted multiplied tunnelling current was obtained at 77 K.  [173: [] J. Xie, S. Xie, R. C. Tozer, and C. H. Tan, Excess Noise Characteristics of Thin AlAsSb APDs. IEEE Trans. Electron Devices, vol.59, no.5: pp.1475-1479,May. 2012.
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[bookmark: _Toc355795018][bookmark: _Toc360194865][bookmark: _Toc365542700]7.5 Avalanche gain and breakdown voltage


[bookmark: OLE_LINK14][bookmark: OLE_LINK15]The temperature dependent avalanche gain of SAM APD2 was measured from 77 to 300 K and the results are shown in Figure 7.7. The punch through voltages is 7.8 V which can be observed from CV and IV measurement. The gain was measured using light of different power intensities, from hundreds of nW to tens of µW to confirm the gain is independent of optical power. The avalanche gain shows a negative temperature dependence on the SAM APD2, as the avalanche gain is decreasing with temperature. The higher gain at low temperature is due to the increased ionisation coefficient, and this increase in ionisation coefficient at low temperature is attributed to the reduced phonon scattering [9]. The phonon scattering is largely controlled by the phonon occupation number N=[exp(/kT)-1]-1, where is the phonon energy, k is the Boltzmann’s constant and T is the absolute temperature. As the temperature rises, the increased phonon population increases the mean number of scattering events, cooling the carriers and reducing carrier ionisation probability. 

The breakdown voltages of these APDs were extracted from the linear extrapolation of the reciprocal of avalanche gain 1/M to intersect with the reverse bias axis since the gain is increasing sharply with applied biases; the results of 1/M extrapolation is shown in Figure 7.8 The breakdown voltages were plotted against temperature as shown in Figure 7.9. Within the temperature range, the breakdown voltages were approximately increasing linearly with temperature. It is therefore acceptable to extract the temperature coefficient of breakdown voltage by a linear fitting to the data of 8 mV/K for the SAM APD2. The same technique was applied on the InGaAs/InAlAs APDs (full characterisation is described in Appendix F) and a larger extracted temperature coefficient of breakdown voltage of 11 mV/K was obtained. 
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[bookmark: _Ref353811699]Figure 7.7 Temperature dependent avalanche gain the InGaAs/AlAsSb SAM APD2 at 77, 140, 200, 250 and 300 K
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[bookmark: _Ref353811868][bookmark: _Ref359767383]Figure 7.8Extrapolation of 1/M versus reverse bias of the InGaAs/AlAsSb SAM APD2 at 77, 140, 200, 250 and 300 K
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(b)
[bookmark: _Ref353812146][bookmark: _Ref359851432]Figure 7.9 Temperature dependent breakdown voltages of the InGaAs/AlAsSb SAM APD2

The nominal avalanche region for SAM APD2 is 50 nm. The measured Cbd values of 8 mV/K are much larger than those of p-i-n structures with the same avalanche region width. An AlAsSb p-i-n structure with w of 80 nm has Cbd of only 0.95 mV/K. The AlAsSb p-i-n structure has exhibited much smaller Cbd than the SAM APDs with thin multiplication region thickness because an additional bias is needed to deplete the charge sheet layers and absorption layer. The Cbd of a SAM APD structure can be estimated from the Cbd of a homojunction with the same avalanche region, assuming there is negligible impact ionisation in the absorption and charge sheet layers. As it is reported in [12] Si, GaAs, AlGaAs and GaInP have exhibited linear Cbd versus avalanche region width behaviour, the same trend was also assumed in AlAsSb APDs. Since there is no data for a 50 nm avalanche region AlAsSb p-i-n structure, the Cbd is estimated from the 80 and 230 nm structures reported in [12] using equation 7.2 as 0.85 mV/K when w = 50 nm.
[bookmark: _Ref353900345]Cbd(mV/K, AlAsSb pin) = 3.467×10-3 w(nm) + 0.6727                         (7.2)

The Cbd in a SAM APD related to that of a p-i-n structure is given as
Cbd(SAM APD) = Cbd(pin)×wdepletion/wV/K                               (7.3)

[bookmark: OLE_LINK82][bookmark: OLE_LINK83]where w depletion is the total depletion width of the SAM APD. The total depletion width of SAM APD2 from the Figure 7.1 is 0.849 µm. The calculated Cbd is 14.4 mV/K, which is larger than the measured data of 8 mV/K. The deviation of the modelled Cbd from the experimental results can be explained as following, for SAM APD2, firstly, the estimation of Cbd on a 50 nm avalanche region AlAsSb homojunction from linear extrapolation of the 80 and 230 nm avalanche region widths AlAsSb homojunction might not be accurate since there is no measured data on a 50 nm homojunction structure. Although the linear trend of Cbd versus avalanche width w was observed in other materials, the Cbd becomes lower than linear extrapolation values when w is very thin as observed in materials such as Si [7] and GaInP [10]. Therefore, by taking a linear extrapolation of Cbd in a 50 nm AlAsSb p-i-n structure might have overestimated the actual value and leads to the relative higher modelled Cbd on SAM APD1 than the experimental data. Secondly the impact ionisation is not only confined in the 50 nm multiplication region. Since the electric field profile in the whole structure is not optimised, the modelled electric field at 32 V (94% of breakdown voltage), in the p+ip+ AlAsSb charge sheet layers is ranging from 567 to 831 kV/cm as shown in Figure 7.6. The electric field at the onset of avalanche gain in an 80 nm AlAsSb homojunction was measured at 489 kV/cm [12], thus the electric field in the charge sheet layer is far higher than the onset for avalanche breakdown which resulted in impact ionisation in the high field charge sheet layers. Meanwhile the electric field in the InGaAs absorption layer is around 307 kV/cm, the ionisation coefficients of electron and hole at this electric field in InGaAs is reported as 7.43×103/cm and 1.88×103/cm [[endnoteRef:174]], and the estimated pure electron and pure hole initiated gain is 1.48 and 1.12, indicating there is small amount of impact ionisation in the absorption layer as well. As a result, the impact ionisation in those charge sheet and absorption layers cannot be ruled out quantitatively which introduced errors in estimating the Cbd in the SAM APD2.  [174: [] J. S. Ng, C. H. Tan, J. P. R. David, G. Hill, G. J. Rees, Field dependence of impact ionization coefficients in In0.53Ga0.47As.IEEE Trans. Electron Devices, vol. 50, no. 4: pp. 901-905,2003.
] 


Tan [14] reported that an InGaAs/InAlAs APD has displayed lower Cbd than InGaAs/InP APD. Here an InGaAs/AlAsSb SAM APD has exhibited with even lower Cbd than InGaAs/InAlAs APD. The Cbd of a Si APD, of a low temperature coefficient type, from Hamamatsu (S6045) is 400 mV/K, an even smaller Cbd of a Si APD array from Sensl (ArraySM-4-30035-CER) is as low as 20 mV/K. For commercially available APDs with InGaAs absorbers, AT10GC from Oclaro has one of the smallest Cbd values, ranging from 30 to 61 mV/K, for APDs with breakdown voltages ranging from 20 to 40 V respectively. The lowest Cbd of InGaAs/InP and InGaAs/InAlAs SAM APDs reported in the literature are 46 and 23 mV/K [11]. Clearly SAM APD1 in this work showed significantly lower Cbd. The very low Cbd in this InGaAs/AlAsSb SAM APD2 structure may due to the combined effects of the following mechanisms.

[bookmark: _Ref357693616]i) The adoption of a very thin avalanche region. As has been observed in other semiconductor materials, those p-i-n structures with submicron avalanche region width all have shown very small Cbd as GaAs [9], AlGaAs [[endnoteRef:175]], InP and InAlAs. Note that an InGaAs/InAlAs SAM APD3 with a similar absorption layer thickness and 200 nm InAlAs multiplication region shows Cbd  = 11 mV/K, strongly supporting that the lower value in SAM APD2 is due to thin AlAsSb avalanche region. The reason of thin avalanche region leads to small Cbd is because the carriers gain high energy from the high electric field at breakdown, with high energy, carriers have more chances for impact ionisation scattering and there is reduced influence from phonon scattering which resulted in very insensitive temperature dependence on breakdown.  [175: [] C. N. Harrison, J. P. R. David, M. Hopkinson, G. J. Rees, Temperature dependence of avalanche multiplication in submicron Al0.6Ga0.4As diodes.J. Appl. Phys., vol. 92, no. 12: pp. 7684-7686,2002.
] 

ii) A large phonon energy in AlAsSb may lead to the very small Cbd in very thin avalanche region APDs. As a large phonon energy yields a small phonon occupation numbern, since the phonon absorption and emission scattering rates are proportional to n and n+1, there will be a reduced temperature dependence of phonon scattering rates and the carriers will exhibit weaker temperature dependent impact ionisation. 
iii) A dominant alloy scattering mechanism in AlAsxSb1-x material which is temperature independent may yield the small Cbd. The alloy scattering rate is described by [[endnoteRef:176]] [176: [] J. R. Hauser, M. A. Littlejohn, and T. H. Glisson, Velocity-field relationship of InAs-InP alloys including the effects of alloy scattering.Appl. Phys. Lett., vol. 28, no. 8: pp. 458-461,1976.
] 



[bookmark: _Ref353900467][bookmark: _Ref364869148](7.4)

where m* is the effective mass, x is the composition of the element, l is the lattice constant, ΔEa is the alloy scattering potential, γ(ϵ) = ϵ(1+σϵ)the approximation of the non-parabolicity of the conduction band and ϵ is the electron energy, σ is the band nonparabolicity. Alloy scattering rate is increasing with electron energy as can be seen from equation 7.4, so it becomes important at high electric field. For APDs with thin avalanche region widths, the electric field is higher than those with thick avalanche widths. At breakdown voltage, the carriers gain higher energy from electric field and the alloy scattering becomes a more dominant scattering mechanism. Since it only randomises carriers’ momentum and is independent of temperature, if the alloy scattering takes a significant part in the total scattering, a small temperature dependence on avalanche breakdown will be obtained. 

However, since AlAsSb has not been completely characterised before and many of AlAsSb’s parameters are unknown, modelling on AlAsSb APDs using Simple Monte Carlo (SMC) simulation involving alloy scattering has not been carried out. The SMC modelling on other material such as AlGaAs [20,[endnoteRef:177]] with alloy scattering rate included has shown proof that the alloy scattering indeed has reduced the temperature dependence of breakdown voltages and the model reproduces the trend of temperature dependence of breakdown quite well.  [177: [] F. Ma, G. Karve, X. Zheng, X. Sun, A. L. Holmes, Low-temperature breakdown properties of AlxGa1-xAs avalanche photodiodes. Appl. Phys. Lett., vol. 81, no. 10: pp. 1908-1910, 2002.] 


[bookmark: _Toc355795019][bookmark: _Toc360194866][bookmark: _Toc365542701]7.6 Conclusion
This chapter studied the temperature dependence of IVs and breakdown from 77 to 300 K of an InGaAs/AlAsSb SAM APD structure thin multiplication layers. From the IVs of the InGaAs/AlAsSb APD tunnelling current and no sharp breakdown voltages were observed. Measurements on an AlAsSb homojunction with 30 nm i-region show negligible tunnelling current, suggesting that the observed tunnelling current in the SAM APD does not originate from the multiplication region. Electric field profile estimated using date from SIMS results suggest the relatively low doping in the charge sheet layer has resulted in the high electric field in the InGaAs absorption layer and consequently caused the high tunnelling current from the InGaAs layer. The avalanche gain was also measured from 77 to 300 K and the breakdown voltages were derived from 1/M extrapolation to voltage axis. The small temperature coefficient of breakdown, of only 8 mV/K, in InGaAs/AlAsSb APD has been extracted. It was compared to commercial APDs with different materials such asSi and InGaAs/InP, as well as to those reported InGaAs/InP and InAlAs SAM APDs. The InGaAs/AlAsSb SAM APD exhibited the lowest Cbd among all reported SAM APDsdemonstrating its potential for use as high thermal stability APD. 
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[bookmark: _Toc355795031][bookmark: _Toc365542703]Chapter 8 Potential performance review, conclusion and suggestion for the future
[bookmark: _Toc365542704][bookmark: _Toc355795032]8.1 Potential performance review on sensitivity
[bookmark: _Ref365499648]AlAsSb, a material lattice match to InP substrate, is potentially superior to conventional InP and InAlAs in terms of achieving better sensitivity and signal to noise ratio when utilised as an avalanche region in an APD. According to the model described in ref. [[endnoteRef:178]], the overall sensitivity in an APD is affected by the combined effects of dead space (which reduces excess noise at a given gain), device bandwidth and tunnelling current. An optimum avalanche width was predicted with consideration of all the three factors. For better understanding of each factor, calculations of sensitivity with exclusion of each of the three effects were compared in ref. [1]. An APD will show an improved sensitivity performance with dead space effects, as in the thin APDs, the APD noise is low due to dead space effects and has less contribution to the total noise. By removing the device bandwidth constraints with assumption of an infinite bandwidth, a much more improved sensitivity was predicted. This indicated that a limited bandwidth in an APD will degrade the overall sensitivity. Finally, the effect of tunnelling current was proven to be the most important factor that degrades the sensitivity in an APD below the optimum avalanche width predicted in a complete calculation. Without tunnelling current, the sensitivity in an APD can be further improved by reducing the avalanche region thickness. In summary, low excess noise, wide device bandwidth and low tunnelling current are essential to optimise the sensitivity and all of them can be achieved using very thin avalanche region.  [178: [] D. S. G. Ong, J. S. Ng, M. M. Hayat, P. Sun, J. P. R. David, Optimization of InP APDs for High-Speed Lightwave Systems. J. Lightwave Tech., vol. 27, no. 15: pp. 3294-3302, 2009. 
] 


[bookmark: _Ref365499934]As studied by Ong et al [[endnoteRef:179]], the sensitivity of InP and InAlAs APDs depends on avalanche widths. The optimum sensitivity for InAlAs and InP APDs for a 10 Gb/s system were predicted to be -28.6 and -28.1 dBm with avalanche region thicknesses of 0.15 and 0.18 µm respectively. The tunnelling current density in InAlAs and InP APDs at the avalanche width with optimum sensitivity (M ~ 15.2 for InAlAs and 13 for InP APDs) were estimated to be around 10-2 A/cm2, which corresponds to a level of tunnelling current ~ 283 nA in a device with 30 µm diameter. The performance of the InAlAs and InP APDs rapidly degrads when the avalanche width reduces below the optimum values. On the contrary, we have not observed tunnelling current in the AlAsSb APD even with 0.08 µm avalanche width. This indicates that by replacing InAlAs with AlAsSb material in an APD, the sensitivity could be greatly improved.  [179: [] D. S. G. Ong, M. M. Hayat, J. P. R. David, J. S. Ng, Sensitivity of High-Speed Lightwave System Receivers Using InAlAs Avalanche Photodiodes. IEEE Photon. Tech. Lett., vol. 23, no. 4: pp. 233-235, 2011
] 


To test this prediction the sensitivity curve of InAlAs APDs from Ong’s work [2], excluding tunnelling current effects, can be extrapolated to intersect with the avalanche width of 0.08 µm as shown in Figure 8.1. A sensitivity of -29 dBm at 10 Gb/s may be plausible using AlAsSb APDs. This is superior to the current commercial InGaAs/InP APDs (AT10XGC) with sensitivity of -28.5 dBm [[endnoteRef:180]]. [180: [] High Sensivity 10Gb/s surface mount coplanar APD preamp receiver AT10XGC. Bookham.
] 

[image: ]
Figure 8.1 Sensitivity versus avalanche width with complete and incomplete calculations [1]. The red dashed lines shows an extrapolation of sensitivity if excluding the effect of tunnelling current

In addition to the improvement in sensitivity, the excess noise of InAlAs APDs in Ong’s work was claimed to have keff ~ 0.2 at the optimum avalanche width of 0.15 µm. With absence of tunnelling current in AlAsSb APDs of 0.08 µm avalanche region, a lower excess noise keff ~ 0.1 has been presented in chapter 5 and even lower noise may be obtained since the avalanche region width could be further scaled down. 

To provide a more detailed analysis of the potential of using AlAsSb in an APD, the signal to noise ratio (SNR) of a system was calculated. The SNR can be described by


 (8.1)
where Id,pr and Iph,pr are the primary dark current and photocurrent, F is the excess noise factor, B is the bandwidth, NA2 is the noise current from the preamplifier. The calculation of SNR was as shown in Figure 8.2 with the following assumptions made for optimised InGaAs/AlAsSb  and InGaAs/InAlAs SAM APDs:
1) They have the same InGaAs absorption layer of 0.5 μm and negligible dark current contribution from the avalanche region, and hence the dark current level is determined by the narrow band gap InGaAs. 
2) Tunnelling current from avalanche region is negligible.
3) The optimised avalanche widths are assumed to be 0.15 m for InAlAs and 0.08 m for AlAsSb. 
4) The unmultiplied dark current level ~ 10 nA and photocurrent ~ 0.1 nA at the punch through voltage.
5) The device bandwidth is much higher than system bandwidth (a reasonable assumption at 10 Gb/s).  
6) The system bandwidth B is 1 Hz
7) The noise current of the preamplifier NA ~ 10 pA/

It can be seen from equation 8.1 that the SNR increases with photocurrent. When the dark current is low, the excess noise is dominant factor that controls the overall SNR performance. At the same avalanche gain, the difference in excess noise will produce a difference in SNR. An InGaAs/AlAsSb APD with keff ~ 0.1 exhibits a lower excess noise than an InGaAs/InAlAs APD (with keff ~ 0.2). The SNR with different keff values were calculated and were shown in Figure 8.2. The SNR in InGaAs/AlAsSb APD with keff = 0.1 shows higher value over InGaAs/InAlAs APD with keff = 0.2 at high gain indicating that low excess noise is essential in improving SNR especially at high gain. 
[image: ]
Figure 8.2 SNR versus avalanche gain in InGaAs/InAlAs (keff = 0.2) and InGaAs/AlAsSb (keff= 0.1)

The noise equivalent power (NEP), defined as the equivalent power to generate an SNR = 1, can be obtained using the total input noise current divided by the estimated responsivity. The ideal responsivity for both InGaAs/InAlAs and InGaAs/AlAsSb APDs is 58 A/W (assuming a 30% reflection at semiconductor surface and a 0.5 μm InGaAs absorption region). The NEP of InGaAs/InAlAs and InGaAs/AlAsSb APDs at M = 100 can be calculated by equating the SNR to unity,  , with the assumption Id,pr =10 nA, B = 1 Hz and F at the corresponding keff.  Solving this equation, the photocurrents required to match the noise current density of  are 0.28 and 0.17 pA for InGaAs/InAlAs and InGaAs/AlAsSb APDs respectively. The corresponding NEPs are 0.48 and 0.3 pW/  respectively, confirming a 37 % improvement in NEP due to lower F in AlAsSb. This reinforces the potential of AlAsSb for high speed optical communication, provided the fabrication process and growth on AlAsSb can be improved.

[bookmark: _Toc365542705]8.2 Conclusion
High speed avalanche photodiodes are the preferred choice in high bit rate long optical communication system. InGaAs PIN photodiodes are used in earlier high speed optical telecommunication systems, but with the high electric field required for impact ionisation, tunnelling current has prevented its further development as APDs [[endnoteRef:181],[endnoteRef:182],[endnoteRef:183]]. This has spurred the research on SAM APD that incorporates the advantage of the good absorption of InGaAs in the optical transmission wavelength range as absorption region and a low noise material for impact ionisation. The APD noise is strongly affected by the ionisation coefficient ratio k, as better performance will be achieved with a very small value of k. InP has extensively used in APD as multiplication material in commercial APDs. However its limited gain-bandwidth product has restricted further development [[endnoteRef:184],[endnoteRef:185]]. Reducing the multiplication region thickness can reduce the avalanche noise due to dead space effect [[endnoteRef:186]]. The InAlAs SAM APDs incorporating 200 nm thin multiplication regions have been demonstrated to have excess noise corresponding to keff ~ 0.2 [[endnoteRef:187]]. With demand for even higher operation speed, both InP and InAlAs APDs have reached their limits as their multiplication region widths cannot be reduced further due to decreased tunnelling current which resulted in decreased sensitivity. The research in this thesis was aimed for exploring a new material AlAsSb, with wide band gap and lattice matched to InP, to overcome the limit of avalanche width imposed by tunnelling current in InP and InAlAs APDs. [181: [] S. R. Forrest, Jr M. DiDomenico, R. G. Smith, H. J. Stocker, Evidence for tunneling in reverse-biased III-V photodetector diodes.Appl. Phys. Lett., vol. 36, no. 7: pp. 580-582,1980.
]  [182: [] J. S. Ng, J. P. R. David, G. J. Rees, J. Allam, Avalanche breakdown voltage of In0.53Ga0.47As.J. Appl. Phys., vol. 91, no. 8: pp. 5200-5202,2002.
]  [183: [] P. Cinguino, F. Genova, C. Rigo, A. Stano, Low dark current InGaAs PIN photodiodes grown by molecular beam epitaxy.Electronics Letters, vol. 21, no. 4: pp. 139-140,1985.
]  [184: [] M. A. Itzler, K. K. Loi, S. McCoy, N. Codd, High-performance, Manufacturable Avalanche Photodiodes for 10 Gb/s Optical Receivers.Proc. 25th OFC, vol. 4: pp. 126-128,2000.
]  [185: [] K. S. Hyun, Y. H. Kwon, Characteristics of a Planar InP/InGaAs Avalanche Photodiode with a Thin Multiplication Layer.J. Korean Phys. Soc., vol. 44, no. 4: pp. 779-784,2004.
]  [186: [] G. J. Rees, and J. P. R. David, Nonlocal Impact Ionization and Avalanche Multiplication.J. Phys. D: Appl. Phys., vol. 43: pp. 243001,2010.
]  [187: [] C. Lenox, H. Nie, P. Yuan, G. Kinsey, A. L. Jr Homels, B. G. Streetman, J. C. Campbell, Resonant-cavity InGaAs-InAlAs avalanche photodiodes with gain-bandwidth product of 290 GHz.IEEE Photon. Tech. Lett., vol. 11, no. 9: pp. 1162-1164,1999.
] 


Since AlAsSb is a new material studied for avalanche region, an optimised fabrication process is required. Chapter 4 introduced the fabrication of simple mesa diodes and high speed photodiodes. The most critical step in AlAsSb APDs fabrication is to develop an effective etching recipe that minimises oxidation of AlAsSb. Both dry etching and wet chemical etching methods have been tested in this work. The dry etching produced severely damaged surface probably due to the anisotropic etch rate at different crystal orientations. A few chemical etching recipes were tested and a selective etching recipe was identified to produce the optimal results both in dark current characteristic and a clean device surface. The recipe was used to fabricate high speed SAM APDs with uniform results, although edge breakdown problem was still a problem. The SU-8 was selected as the passivation dielectric material since it didn’t introduce leakage current.  

As discussed, low avalanche noise is an essential figure of merit in evaluating an APD’s performance. The excess noise characteristics have been studied in this work. Two AlAsSb homojunction structures with avalanche widths of 80 and 230 nm were characterised for excess noise by illuminating light at wavelengths of 442, 542 and 633 nm. By estimating the absorption coefficients of AlAsSb from the linear interpolation of absorption coefficients of AlAs and AlSb, the short wavelength 442 nm is believed to produce pure injection while the other two wavelengths produce mix injection profiles. The very low noise corresponding to keff ~ 0.05 in an AlAsSb p-i-n homojunction with w of 230 nm was observed under pure electron injection. The excess noise at M ~ 10 is as low as a Si commercial APD [[endnoteRef:188]]. In addition to that, the thin structures show negligible tunnelling current at both 80 and 230 nm avalanche region widths. This is an important improvement over InP and InAlAs as it indicates that AlAsSb can be a potential material to replace InP to achieve even higher speed and lower noise.  [188: [] T. Kaneda, H. Matsumoto, T. Sakurai, T. Yamaoka, Excess noise in silicon avalanche photodiodes.J. Appl. Phys., vol. 47, no. 4: pp. 1605-1607,1976.
] 


After identifying AlAsSb as a good candidate for low noise and low tunnelling current material, the frequency response of an InGaAs/AlAsSb APD (SAM APD1) was studied in this work for the first time. Unfortunately the APD shows some edge breakdown which is thought to be due to the angle formed on the sidewall surface. The multiplication measurements with light illuminating on the mesa edge showed much higher gain than that obtained when illuminating the centre of the optical window, confirming the edge breakdown in these diodes. A second limitation of these SAM APDs is high contact resistance. The contact resistivity was calculated from the TLM measurement and the contact resistance on devices with different sizes were obtained to estimate the RC effect limited bandwidth. The smaller device is less affected by RC limited bandwidth. The frequency response on different size devices were measured for comparison. Measurements suggested that their bandwidths are all limited by RC effect. In this work, the high gain on the small diode is dominated by edge breakdown as it was difficult to confine light to the centre of small area devices. Despite this the bandwidth remains constant up to a gain of 100, indicating that the bandwidth is not limited by the avalanche process. Although there is RC effect limited the bandwidth, we believe that the GBP in this APD can achieve > 327 GHz. In addition to that, the signal intensities at frequencies of 1-10 GHz were successfully amplified with the same amplifications indicating the APD can be operated at high frequencies once RC effects are removed.

The temperature dependence of breakdown and IV characteristics of an InGaAs/AlAsSb APD (SAM APD2) was investigated in chapter 7. The IV shows some tunnelling current from the InGaAs absorption layer since the doping in the AlAsSb charge sheet layer is lower than intended level which leads to the high electric field in the absorption layer. The breakdown voltages were accurately extracted from the linear extrapolation of 1/M to zero. The temperature dependence of breakdown exhibited a very small temperature coefficient of breakdown of 8 mV/K, which is lower than most reported InGaAs/InP and InGaAs/InAlAs APDs, and commercial diodes from Hamammatsu, Sensl and Oclaro.  
[bookmark: _Toc355795033][bookmark: _Toc365542706]8.3 Suggestions for the future
Despite a few different dry and wet etching recipes being tested on AlAsSb homojunction and SAM APDs, surface leakage current still exist in these diodes. It is well known that antimonide based photodiodes suffer from surface leakage current. Further optimisation is required to remove the surface leakage current in our AlAsSb APDs. Different methods were proposed to reduce the leakage current in antimonide based photodetectors such as GaSb photodetectors, type-II antimonide based superlattice photodiode and InSb diodes. The most commonly adopted techniques to reduce surface leakage current in those diodes are through effective etching or surface passivation. The dry etching of unique ratio based on Cl2/BCl3/CH4/Ar/H2 in electron cyclotron resonance (ECR) was developed on GaSb photodiodes which produced damage-free surface and one order of magnitude leakage current reduction compared that from wet chemical etching [[endnoteRef:189]]. A surface treatment on GaSb using ammonia sulphides with excess sulphur (NH4)2Sx (x=1-3) was investigated to be effective in reducing leakage current since it is believed dangling bonds on the surface are terminated by sulphur so that it minimises combination recombination centres on the surface [[endnoteRef:190]]. Huang et al. have compared the results on type-II antimonide superlattice photodiodes treated by different combination of dry etching process and surface passivation.The sample etched by BCl3/Ar using ICP and passivated by polyimide shows the best surface quality in terms of low dark current density compared to using ECR and SiO2 passivation [[endnoteRef:191]]. Low leakage current of an implanted InSb photodiode passivated by composite anodic oxide/SiO2 was presented by K. C. Liu [[endnoteRef:192]]. Since AlAsSb material was first reported being used in photodiode in this work and very few have been reported on reducing its surface leakage current. The surface treatment and etch method on those antimonide based photodiodes can be considered as alternative suggestions to develop an optimised way to reduce the dark current in AlAsSb photodiodes. [189: [] P. Dutta, J. Langer, V. Bhagwar, J. Juneja, Dry etching, Surface Passivation and Capping Processes for Antimonide Based Photodetectors. Proc. of SPIE, vol. 5783: pp.98-105, 2005.
]  [190: [] P. S. Dutta, K. S. Sangunni, and H. L. Bhat, Sulphur passivation of gallium antimonide surfaces. Appl. Phys. Lett.vol. 63, no. 13: pp. 1695-1697, Sep. 1994.
]  [191: [] E. K. Huang, D. Hoffman, B. Nguyen, P. Delaunay, and M. Razeghi, Surface leakage reduction in narrow band gap type-II antimonide-based superlattice photodiodes. Appl. Phys. Lett. 94, 053506 (2009).
]  [192: [] K. C. Liu, J. J.Luo, and L. K. Dai, Evaluation of implanted InSb p+n diodes passivated with composite anodic oxide/SiOx stack. Phys. Stat. Sol. (a), vol. 205, no. 10: pp.2469-2475, 2008.
] 


[bookmark: OLE_LINK18]When AlAsSb is incorporated with InGaAs to form a SAM APD structure, the doping in the charge sheet is critical to suppress the electric field in the absorption layer and achieving > 1 MV/cm electric field in the avalanche region. For the device structures studied in chapter 7 and in ref. [[endnoteRef:193]], both of the two structures have shown tunnelling current from the InGaAs absorption layer because of the un-optimised doping profile in the charge sheet layers. It is not clear the reason why the doping concentration is low. Moreover there have been no reports exploring the control of p-type doping in AlAsSb material. Growth using alternative p-dopant may be required which was reported in other antimonide materials by a few groups. Biefeld et al. reported an AlAs0.16Sb0.84 grown by metalorganic chemical vapour deposition on InAs substrate easily achieved a p-type doping density of ~ 2×1019 cm-3 using diethylzinc [[endnoteRef:194]]. The other problem with a highly doped charge sheet layer is that it may cause diffusion of dopants into the adjacent undoped layers since from our SIMS results of SAM APD2 (Appendix D), the dopants from the charge sheet layer and contact layer diffused into the lowly doped multiplication region which makes it behave more like a p-n junction rather than a p-i-n structure. A technique called δ-doping has been applied in spatial localising impurities in a very thin semiconductor layer with a doping concentration of 3-4×1012 /cm2 in a 60 Ǻ AlAsSb layer yields a bulk concentration of 5-6×1018 /cm3 [[endnoteRef:195]]. The δ-doping technique can be considered applying in our AlAsSb SAM APDs which could be useful in eliminating the tunnelling current from the absorption layer.  [193: [] C. H. Tan, S. Xie, and J. Xie, Low Noise Avalanche Photodiodes Incorporating a 40 nm AlAsSb Avalanche Region.IEEE J. Quantum. Electron., vol. 48, no. 1: pp. 36-41,Jan. 2012.
]  [194: [] R. M. Biefield, A. A. Allerman, and M. W. Pelczynski, Growth of n-and p-type Al(As)Sb by metalorganic chemical vapor deposition. Appl. Phys. Lett. vol. 68, no. 7:pp. 12-14, Feb. 1996.
]  [195: [] M. Ahoujia, S. Elhamri, R. S. Newrock, D. B. Mast, W. C. Mitchel, Multiple subband population in delta-doped AlAsSb/InGaAs heterostructures. J. Appl. Phys., vol. 81, no. 3:pp. 1609-1611, Feb. 1997.
] 


In chapter 6, the bandwidth of the InGaAs/AlAsSb APD is still limited to around 3.4 GHz independent of avalanche gain. And the true GBP of the InGaAs/AlAsSb APD was not convincingly verified due to the RC effects and edge breakdown. The contact resistance is a more severe problem than capacitance problem that contributed to RC effects which limited the overall device bandwidth. The measured contact resistivity shown in chapter 6 is a few orders of magnitude higher than those values in reported literature and will need to be improved. By highly doping the InGaAs top contact layer is the most straight forward way to form better ohmic contacts on InGaAs material. A clean semiconductor surface before metal contact deposition is also critical in giving a low contact resistance and deoxidising the surface is a useful way. Deoxidising GaAs surface in diluted HCl solution [[endnoteRef:196],[endnoteRef:197]]and hydrogen cleaning discussed in chapter 6 were extensively adopted to effectively remove the oxides on semiconductor surface. This can be considered as an alternative way to deoxidise the InGaAs contact layers.  [196: [] G. Patriarche, and E. L. Bourhis, Improvement of Heteroepitaxial Growth by the Use of Twist-Bonded Compliant Substrate: Role of the Surface Plasticity. J. Electron. Mater, vol. 32, no. 8: pp. 861-867, 2003.
]  [197: [] C. D. Farmer, Fabrication and Evaluation of In0.52Al0.48As/In0.53Ga0.47As/InP Quantum Cascade Lasers. PhD Thesis, University of Glasgow, 2000.
] 


The edge breakdown is another problem that needs to be investigated and improved. This involves in carefully control of the mesa surface contour. There are several ways proposed in other materials with different structures. It is believed that a bevelled mesa angle is effective in suppressing the surface electric field to allow bulk breakdown precede the surface breakdown. In a SiC avalanche photodiode, a bevelled mesa sidewall was produced by changing the shape of the photoresist mask through baking at appropriate temperature. The sample was then etched by RIE. Since higher and longer baking temperature will change the shape of photoresist from straight sidewall to round dome shape, so that the mesa takes on the shape of the photoresist in producing a bevelled angle of 10° [[endnoteRef:198]]. Other way to suppress edge breakdown is through fabricating floating guard rings on planar devices which is effective to reduce electric field at the edge [[endnoteRef:199]]. [198: []A. L. Beck, B. Yang, X. Guo, J. C. Campbell, Edge Breakdown in 4H-SiC Avalanche Photodiodes. IEEE J. Quan. Electron., vol. 40, no. 3, :pp. 321-324, Mar. 2004.
]  [199: [] D. E. Ackley, J. Hladky, M. J. Lange, S. Mason, G. Erickson, G. H. Olsen, V. S. Ban, Y. Liu, and S. R. Forrest, In0.53Ga0.47As/InP Floating Guard Ring Avalanche Photodiodes Fabricated by Double Diffusion. IEEE Photon. Tech. Lett., vol. 2, no. 8: pp.571-573, Aug. 1990.
] 


Note that the passivation material in these high speed SAM APDs is SU-8 for which its high frequency characteristic is not well understood, this might be another reason which limited the bandwidth of our diodes to only 3.4 GHz. Besides, the high speed InAs APDs from our group studied also shows limited 3.5 GHz bandwidth independent of avalanche region widths using SU-8 as the passivation dielectric material. In order to further reduce the parasitic capacitance, an air bridge technique was explored widely in fabricating high speed lasers and HBTs. T. R. Chen reported that by employing an air bridge structure instead of using SiO2 dielectric material in an InGaAsP/InP laser structure, a doubled high frequency bandwidth was obtained [[endnoteRef:200]].A micro air bridge isolation technique in high speed HBT fabrication was presented by S. Tadayon has achieved very high frequency operation [[endnoteRef:201]]. The same technique can be adopted in our APDs as by fabricating an air bridge structure for the metal bondpads, so that the parasitic capacitance could be minimised and a potential improved bandwidth could be obtained.  [200: [] T. R. Chen, P. C. Chen, C. Gee, and N. Bar-Chaim, A High-Speed InGaAsP/InP DFB laser with an Air-Bridge Contact Configuration. IEEE Photon. Tech. Lett., vol. 5, no. 1:pp. 1-3, Jan. 1993.
]  [201: [] S. Tadayon, G. Metze, A. Cornfeld, K. Pande, H. Huang, and B. Tadayon, Application of micro-airbridge isolation in high speed HBT fabrication. Electron Lett., vol. 29, no. 1: pp. 26-27, Jan. 1993.] 
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	Internal wafer identification
	Thesis wafer identification
	Location
	Description
	Observation

	Rev1
	PIN1
	Chapter 5
	p-i-n structure with 80 nm undoped region, semi-insulating substrate
	Surface current dominant

	
Rev2
	
PIN2
	Chapter 5
	p-i-n structure with 230 nm undoped region, semi-insulating substrate
	Surface current dominant

	UCL1
	PIN3
	Chapter 6
	p-i-n structure with 30 nm undoped region, conducting substrate
	Negligible tunnelling current

	IQE
	SAM APD1
	Chapter 7
	InGaAs/AlAsSb SAM APD, with InAlAs in the charge sheet layers
	Bulk current dominant, with high tunnelling current from InGaAs absorption layer, and edge breakdown

	M3969
	SAM APD2
	Chapter 7
	InGaAs/AlAsSb SAM APD, with AlAsSb in the charge sheet layers
	Bulk current dominant, with high tunnelling current from InGaAs absorption layer

	M3698
	SAM APD3
	Appendix F
	InGaAs/InAlAs SAM APD, semi-insulating substrate
	Dark current of 10-100 nA



Wafer structure nominal and fitted parameters:

PIN1
	Doping type
	Material
	Doping density
	Thickness

	
	
	Nominal (cm-3)
	Fitted (cm-3)
	Nominal (nm)
	Fitted (nm)

	p+
	InGaAs
	5×1018
	-
	50
	-

	p+
	AlAsSb
	>2×1018
	2×1018
	400
	-

	i
	AlAsSb
	Undoped
	1×1015
	100
	80

	n+
	AlAsSb
	>2×1018
	2×1018
	50
	-

	n+
	InGaAs
	5×1018
	
	1000
	-

	Semi-insulating InP




PIN2
	Doping type
	Material
	Doping density
	Thickness

	
	
	Nominal (cm-3)
	Fitted (cm-3)
	Nominal (nm)
	Fitted (nm)

	p+
	InGaAs
	5×1018
	-
	50
	-

	p+
	AlAsSb
	>2×1018
	1.7×1018
	400
	-

	i
	AlAsSb
	Undoped
	1×1015
	250
	230

	n+
	AlAsSb
	>2×1018
	1.7×1018
	50
	-

	n+
	InGaAs
	5×1018
	
	1000
	-

	Semi-insulating InP




PIN3
	Doping type
	Material
	Doping density
	Thickness

	
	
	Nominal (cm-3)
	Fitted (cm-3)
	Nominal (nm)
	Fitted (nm)

	p+
	InGaAs
	5×1018
	-
	100
	-

	p+
	AlAsSb
	>2×1018
	7×1017
	200
	-

	i
	AlAsSb
	Undoped
	1×1015
	30
	30

	n+
	AlAsSb
	>2×1018
	7×1017
	50
	-

	n+
	InGaAs
	5×1018
	
	1000
	-

	Semi-insulating InP





InGaAs/AlAsSb from IQE (SAM APD1)
	Doping type
	Material
	Doping density
	Thickness

	
	
	Nominal (cm-3)
	Fitted (cm-3)
	Nominal (nm)
	Fitted (nm)

	p+ contact
	InGaAs
	1×1019
	-
	10
	-

	p+ cladding
	InAlAs
	>5×1018
	5×1018
	300
	-

	i grading
	InAlGaAs (Eg ~ 1.1 eV)
	<2×1015
	1×1018
	50
	50

	i absorption
	InGaAs
	<2×1015
	6×1015
	500
	500

	i grading
	InAlGaAs (Eg ~ 1.1 eV)
	<2×1015
	6×1015
	50
	50

	p charge sheet
	AlAsSb
	5×1017
	5×1017
	55
	55

	i intrinsic
	AlAsSb
	<2×1015
	1×1015
	50
	50

	p charge sheet
	AlAsSb
	1×1018
	1×1017
	44
	44

	i multiplication
	AlAsSb
	<2×1015
	1×1015
	50
	40

	n+ cladding
	AlAsSb
	>5×1018
	5×1018
	100
	-

	n+ contact
	InGaAs
	1×1019
	-
	300
	-

	Semi-insulating InP


M3969 (InGaAs/AlAsSb SAM APD2)
	Doping type
	Material
	Doping density
	Thickness

	
	
	Nominal (cm-3)
	Fitted (cm-3)
	Nominal (nm)
	Fitted (nm)

	p+ contact
	InGaAs
	>5×1018
	-
	10
	-

	p+ cladding
	InAlAs
	>5×1018
	5×1018
	300
	-

	i grading
	InAlGaAs (Eg ~ 1.1 eV)
	<2×1015
	1×1015
	50
	50

	i absorption
	InGaAs
	<2×1015
	6×1015
	500
	500

	i grading
	InAlGaAs (Eg ~ 1.1 eV)
	<2×1015
	2×1016
	50
	50

	[bookmark: _Hlk359831730]i intrinsic
	InAlAs
	<2×1015
	1.5×1016
	50
	50

	p charge sheet
	AlAsSb
	5×1017
	2.9×1017
	55
	55

	i intrinsic
	AlAsSb
	<2×1015
	1×1016
	50
	50

	p charge sheet
	AlAsSb
	1×1018
	4×1017
	44
	44

	i multiplication
	AlAsSb
	<2×1015
	1×1016
	50
	50

	n+ cladding
	AlAsSb
	>5×1018
	5×1018
	50
	-

	n+ contact
	InGaAs
	>5×1018
	-
	300
	-

	Semi-insulating InP


M3698 (InGaAs/InAlAs SAM APD3)
	Doping type
	Material
	Doping density
	Thickness

	
	
	Nominal (cm-3)
	Fitted (cm-3)
	Nominal (nm)
	Fitted (nm)

	p+ contact
	InGaAs
	1×1019
	-
	100
	-

	p+ cladding
	InAlAs
	5×1018
	5×1018
	300
	-

	i grading
	InAlGaAs (Eg ~ 1.1 eV)
	<2×1015
	1×1016
	50
	50

	i absorption
	InGaAs
	<2×1015
	6×1015
	600
	440

	i grading
	InAlGaAs (Eg ~ 1.1 eV)
	<2×1015
	7×1015
	50
	50

	p charge sheet
	InAlAs
	2×1017
	1.7×1017
	200
	200

	i multiplication
	InAlAs
	<2×1015
	1×1016
	200
	200

	n+ cladding
	InAlAs
	5×1018
	2×1018
	100
	-

	n+ contact
	InGaAs
	1×1019
	-
	300
	-

	Semi-insulating InP





[bookmark: _Toc354662409][bookmark: _Toc365542710]Appendix B High speed InGaAs/AlAsSb APD fabrication steps
1. Top contact deposition Ti/Pt/Au (10/30/200 nm) using sputterer*, evaporator is not preferable since Pt has very high melting temperature, the high temperature deposition may attack the photoresist during evaporation. 
2. Anneal the sample at 420 oC for 30 s to improve the contact resistance.
3. Pattern the sample with mesa mask using BPRS 100 photoresist.
4. Prepare the etchant sulphuric acid : hydrogen peroxide : deionised water = 1:8:80 and hydrochloric acid : hydrogen peroxide : deionised water = 1:1:5 and leave it for 10 minutes for the etchants to settle down.
5. Etching the sample in sulphuric acid : hydrogen peroxide : deionised water = 1:8:80 for about three minutes and a half minute to remove the InGaAs, InAlAs and InAlGaAs materials (in total of 1.015 µm) above AlAsSb. When those materials are fully removed, it is easy to tell by observing the colour that it turns grey to dark black, care should be taken that during the etching, try not to take sample out of the etchant to avoid oxidation form on the surface.
6. Without washing the sample in deionised water, quickly dip the sample to hydrochloric acid : hydrogen peroxide : deionised water = 1:1:5 for about 10 seconds to remove the AlAsSb materials (0.194 µm). When AlAsSb was removed, the colour changed from dark black back to grey when it reaches the bottom InGaAs n+ layer.
7. Dip the sample back to the etchant sulphuric acid : hydrogen peroxide : deionised water = 1:8:80 for another 10-15 s to stop the mesa to the InGaAs n+ contact layer.
8. Pattern the sample with lower contact mask and deposit Ti/Au (20/200 nm) for lower metal contact.
9. Substrate etching, protect the mesa  and lower contact by photoresist BPRS100 and etch the InGaAs away using sulphuric acid : hydrogen peroxide : deionised water = 1:8:80 following phosphoric acid : hydrochloric acid : deionised water = 3:1:2 to etch the InP substrate with the etching of 3 µm/min, 0.5 µm into the semi-insulating substrate is preferred.
10. The devices are then passivated by SU-8 dielectric material; the SU-8 is spinning at 6000 rpm with thickness around 3 µm and be hardened under UV exposure.
11. Bondpad deposition using Ti/Au (20 200 nm) *.

*Before the metal deposition, it is worth to do asher for 2 minutes to clean the surface after development
[bookmark: _Toc354662410][bookmark: _Toc365542711]Appendix C Operation on E8364B Agilent PNA microwave network analyser

Turn on the system
Connect all the components such as bias tee, optical modulator (EAM-IR-40-O-K-FCP 1.3 µm 40Gb/s), two source measure units and the FP laser together as described in chapter 3. 
1. Off the RF source from the network analyser.
2. Set the SMU of applied voltage for EAM to zero.
3. The EAM needs to be reverse biased a negative DC voltage to be in correct operation, the connection is as below.

[image: ]
Figure B.1 EAM connection to PNA

4. Apply the optical signal to the EAM, set the laser current between 35 and 65 mA, and monitor the optical power as the DC bias is changed by 0.5 V. A reverse bias will give a slight increase in loss through the device. After identified the polarisation, set the DC bias to -1 V. 
5. [bookmark: OLE_LINK35][bookmark: OLE_LINK36]Set the frequency type (log or linear) from ‘Sweep’ → ‘Sweep type’, average number from ‘Channel’ → ‘Average’ ,RF power from ‘Channel’ → ‘Power’ and IF bandwidth from ‘Sweep’ → ‘IF bandwidth’. The IF bandwidth is from 1 Hz to 40 KHz, the lower the IF bandwidth, the lower the system noise, but it takes longer time for a sweep. Note that if the RF power is higher than the PNA can supply, a ‘source unlevelled’ sign will appear on the screen, then the RF power should be reduced. Normally the wider the frequency span range, the lower the maximum RF power PNA could supply. 
6. Set the S-parameter to S21, which is a transmission measurement denotes a ratio of the transmitted signal/incident signal. 
7. Connect a 50 GHz commercial photodiode U2T XPDV2120R to port 2, the U2T photodiode is powered by a 9 V battery, the calibration is performed from ‘Calibration’ → ‘unguided calibration’ → ‘response’ → ‘next’ → until ‘finish’, this calibration is used to account for all the system loss by defining the photo response to 0 dB. 
8. Disconnect the U2T device and connect the DUT to the system, applied required biases to the DUT and if the photocurrent is high enough, an increase of photo response will be observed
Switching off the system
9. Turn off the optical power input.
10. Set the bias voltage for both EAM and DUT to zero. The mains power for DC and RF electrical drive instruments should not be turned off as by doing so would risk damaging the component due to a voltage spike.
11. Turn off the RF power from Port1.
12. Disconnect electrical drive instruments from EAM and off everything

Note that if the frequency response on a DUT is quite low compared to the commercial U2T photodiode, this will introduce a lot error in S21 measurement as by dividing a small signal over a large signal. Therefore, in step 6 above, set the receivers to receiver B to make unratioed (absolute power) measurement and skip step 7 and step8. The system loss has to be subtracted manually, such as in Figure B.2, it is the cable loss across the 50 GHz, take 20 GHz for example, there is 6 dB loss at 20 GHz, this should be accounted for when measuring the frequency response of DUT at 20 GHz. 
[image: ]
[bookmark: _Ref354473196]Figure B.2 Cable loss across 50 GHz

*Be sure to wear electrostatic discharge wrist when handling the connection and disconnection of electrical drive instrument to the network analyser to avoid damage on equipment by electrostatic discharge
*The detailed manual operation can be found on http://na.tm.agilent.com/pna/help/latest/whnjs.htm



[bookmark: _Toc354662411][bookmark: _Toc365542712]Appendix D SIMS on M3969

The SIMS result of Be and Si doping concentration used to deduce the electric field of M3969 discussed in chapter 6 is shown in Figure C.1, since there is no reference sample in AlAsSb, the absolute doping level is not accurate but we are more interested in the relative level of the p+ip+ charge sheet layers, there is around one order of magnitude difference between the p-type and undoped AlAsSb which is close to the difference in our CV fitting. The thickness of the thin charge layers are as expected and they are located at the right places. The 50 nm undoped multiplication is so thin that from the SIMS result, the dopants from the n-type material and p-type material are diffused into each other that the multiplication layer is more like a p-n junction. 
[image: ]
[bookmark: _Ref354431709]Figure C.1 SIMS on M3969




[bookmark: _Toc365542713]Appendix E Comparison of multiplication measured from DC and AC measurement

In a conventional p-i-n structure, assume the light is fully absorbed in p+ cladding layer, dark carriers are uniformly generated in i region for simplicity. In the local model, the position dependent multiplication for primary carriers generated within w is given by

So that the gain of pure injection as carriers injected at position x = 0 is given by

The mean gain from the multiplied dark carriers and photo carriers is denoted as Mt, the parameters used to calculate Mt is explained in the following 
Np: total photo generated carriers injected at x = 0
Gi: dark carriers generated in the i region at x position, since dark carriers are uniformly generated in i region so that Gi is independent of position, the total dark carriers generated in the i region would be 
z: the ratio of the total primary dark carriers over the photo generated carriers, 
k: ionisation coefficients ratio, k=β/α
The mean gain concerning multiplied dark carriers and photo carriers, which is namely the gain measured under DC condition, is given by





Here M(0) is the gain of pure electron injection, which is namely the gain measured under AC condition. 
If z is very small, which means, , Mt will not be deviated a lot from M(0), if z cannot be ignored, here we consider two cases, k=0 and k=1

i) k=1
if k=1, α= β, M(x)=M(0), 
it suggests that when k=1, the dark carriers and photo carriers will have similar gain values and the gain measurement will not be affected either under DC or AC condition. 

ii) k=0
so that β=0,M(0)=exp(αw), the mean gain can be expressed as



Here we are more interested in large gain, which is M(0)>>1,
The above Mt can be reorganized to be


If we are considering the range of M(0) between 10 and 100, the value for αw would be between 2.3 and 4.6
If M(0)=10, Mt will drop to 70%M(0) at z = 1(when the number of dark generated carriers in i region equal to the number of pure injected photo generated carriers);
If M(0)=100,  Mt will drop to 60%M(0) at z = 1

The error between the gain deduced from DC measurement and AC measurement relies on two aspects, one is the ratio of the amount of primary dark carriers compared to the photo carriers, the gain measured under DC condition would not deviate much from that measured under AC condition with small number of primary dark carriers in the total multiplication. The other factor that affects the gain error is the ionisation coefficient ratio, the smaller the ionisation coefficient ratio, the larger the difference will be observed between the gain measured under DC and AC condition.



[bookmark: _Toc365542714]Appendix F InGaAs/InAlAs SAM APD (M3698)

The InGaAs/InAlAs SAM APD structure was grown on semi-insulating InP substrate as shown in Figure F.1. It has a 600 nm InGaAs absorption layer sandwiched between two 50 nm undoped InAlGaAs grading layers, a charge sheet layer of an 200 nm p+ InAlAs, and a multiplication region of 200 nm. The same as M3969 (InGaAs/AlAsSb APDs), the InGaAs/InAlAs APDs have highly doped 10 nm InGaAs and a 300 nm InAlAs p-type contact layer on top and 300 nm n-type doped InGaAs layer at the bottom. The structure was fabricated into mesa structures with diameters ranging from 25 to 100 µm by using wet chemical etchant of H2SO4 : H2O2 : H2O = (1:8:80).  Ti/Pt/Au (10/30/200 nm) was deposited to form annular top contacts, annealing at 420 0C for 30 s after top contact deposition. The devices are passivated by silicon nitride and the bondpads were deposited using the metal scheme Ti/Au (20/200 nm). 
[image: ]
[bookmark: _Ref360633951]Figure F.1 Device structure of InGaAs/InAlAs SAM APDs (M3698)

The temperature dependent dark current measurement was performed at the temperatures of 77, 140, 200, 250 and 300 K using a low temperature Janis ST-500 probe station. Figure F.2 shows the temperature dependent dark current of the InGaAs/InAlAs SAM APDs. Very sharp breakdown voltages were observed at all temperatures and the dark currents decreased by about two orders of magnitude as the temperature drops from 300 to 77 K. The dark current levels become less dependent on temperature < 200 K which is due to the leakage current between the adjacent signal and ground bondpads. 
[image: ]
[bookmark: _Ref359855440]Figure F.2 Temperature dependent dark current of the InGaAs/InAlAs SAM APDs on devices with diameter of 100 µm at temperatures of 77, 140, 200, 250 and 300 K

The temperature dependent avalanche gain of the InGaAs/InAlAs APDs was also measured from 77 to 300 K with the results shown in Figure F.3. They have shown a punch through voltage at 18.1 V and have a positive temperature dependence of breakdown. The breakdown voltages were extracted from the linear extrapolation of the reciprocal of avalanche gain 1/M to intersect with the reverse bias axis as shown in Figure F.4. The extracted breakdown voltages with temperature was plotted in Figure F.5 that the breakdown voltages are approximately linear increasing with temperature that the Cbd is extracted by linear fitting to the data deduced as 11 mV/K. 
[image: ]
[bookmark: _Ref359858058]Figure F.3 Temperature dependent avalanche gain of the InGaAs/InAlAs SAM APDs at temperatures of 77, 140, 200, 250 and 300 K
[image: ]
[bookmark: _Ref359858426]Figure F.4 Extrapolation of 1/M versus reverse bias of the InGaAs/InAlAs SAM APDs at temperatures of 77, 140, 200, 250 and 300 K
[image: ]
[bookmark: _Ref359859154]Figure F.5 Temperature dependent breakdown voltages of the InGaAs/InAlAs SAM APDs
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