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Abstract 

Separate-absorption-and-multiplication (SAM) Avalanche PhotoDiode (APD) is 

widely accepted in optical communication systems due to the presence of large 

photocurrent gain. In this thesis, a designed SAM middle wavelength infrared 

avalanche photo detector operating at room temperature is presented. The designed 

photo detector is based on SiGe/Si heterojunction internal photoemission (HIP) and it 

is compatible with CMOS technology. The detection mechanism of the SiGe/Si HIP 

detector is infrared absorption in the degenerately doped p+-SiGe layer followed by 

internal photoemission of photoexcited holes over the heterojunction barrier. Silvaco 

TCAD tool is utilized to implement the simulation of this designed SiGe/Si HIP SAM 

APD. The structure of the designed APD is evaluated by simulation tools, the 

simulation results of the dark current, the current under illumination, photo-generation 

rate, recombination rate, and electrical field are shown in this thesis. The relation 

between dark current and generation-recombination is discussed at the end of this 

thesis. 
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Chapter 1 Introduction of Infrared and Photodiode 

1.1 An Introduction to Infrared Photodetectors 

Infrared detector systems are used to monitor environmental factors and the weather, 

make astronomical observations, and perform medical diagnostics. These systems are 

frequently built as focal plane arrays, which consist of as many as millions of 

individual photodetectors [1, 2]. 

Future infrared photodetector systems must possess reduced cooling requirements, 

consume less power, exhibit longer lifetimes, and have improved manufacturing 

ability. The best performing infrared photodetectors are currently cooled to cryogenic 

temperatures, which enables optimal operation by decreasing internal detector noise 

[3].  Infrared photodetector operating in higher temperature  will enable  the use of 

lower cost coolers with decreased power requirements. This is anticipated to permit 

more extensive field use and result in a decrease of the critical wait timing between 

powering on the imaging system and being able to detect the image. Increasing the 

yields and simplifying the fabrication requirements of the detector arrays will result in 

substantial cost savings [2, 4, and 5]. 

1.2 Emission and Atmospheric Transmission of Infrared Radiation 

Infrared detectors monitor thermal radiators, and these may be approximated as 

blackbody sources. The greater the thermal energy of the object, the higher the 

energies of the emitted photons. The spectral radiant existence of a blackbody source, 

Meλ(λ,T) is obtained from the Planck radiation law, and may be expressed as: 
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where λ is the wavelength, h is Planck’s constant, c is the velocity of light, and k is 

Boltzmann’s constant. As plotted in Figure 1.1, the peak power emitted by hotter 

objects occurs at lower wavelengths, while the power emitted at all wavelengths 

increases. The spectral window spanning 2 to 12 microns coincides with a majority of 

the radiation emitted by objects near room temperature.  

 

Figure 1.1 Emissions and Atmospheric Transmission of Infrared Radiation[6] 

Infrared photodetection systems are often used as remote sensors, which has led to 

infrared detectors commonly being designed to operate in one of two atmospheric 

transmission windows as shown in Figure 1.2: the 3-5 micron medium wavelength 

infrared (MWIR) window or the 8-14 micron long wavelength infrared (LWIR) 

window. Operation in the MWIR atmospheric window is typical when the application 

relies on contrast resolution more than detector sensitivity, comparatively hot objects 

are monitored, and operation occurs during clear weather. High humidity conditions 

do not affect the atmospheric transmission of radiation in this window; however the 

LWIR range is better suited for foggy, hazy, dusty, or misty conditions [1]. 
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Figure 1.2 IR Detector two operating windows [6] 

1.3 Noise in Semiconductor-Based MWIR Photodetectors 

Noise in infrared detection systems is attributable to statistical fluctuations in the 

detected signal as well as fluctuations in the flow of spurious charge carriers created 

through means other than by the absorption of a signal photon, such as through 

thermal processes. Thermal processes are particularly important for narrow bandgap 

semiconductor based photodetectors operating near room temperature, as the energy 

of the charge carriers, kT, is comparable to the transition energy [3]. Some common 

types of internal noise in infrared detectors are Johnson-Nyquist, 1/f, generation-

recombination, diffusion, tunneling, and surface leakage [19,23]. Noise may also arise 

through external sources such as background radiation, cooling irregularities, 

mechanical issues, and incident optical sources [23,25]. 

Random motion of carriers in a semiconductor results in fluctuations of the open 

circuit voltage, Vj, called thermal or Johnson-Nyquist noise [24], 

 

with Δf representing the electrical bandwidth, and R the real part of the impedance. 
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More precisely written 1/fα, with α having a value of approximately unity, 1/f noise is 

sometimes correlated with surface effects and is important at lower frequencies. It has 

not been modeled precisely [24,25]. 

Shot noise has a white spectrum at low frequencies and arises as a consequence of the 

quantum fluctuations of the optical field, as well as statistical variations in the 

emission, recombination, and flow of charge carriers. The mean square shot noise 

current, In, is modeled as [24] 

 

with I the current, and q the electronic charge. 

The components of dark current important to this work are due to surface leakage, 

generation processes, and those produced by the detection of background radiation. 

These may be modeled as shot noise [19]. 

Recombination processes are not significant for photodiodes and Barrier 

photodetectors. Recombination processes become important in the presence of excess 

carriers, as in the case of photoconductors and when carriers are injected into a 

device. Generation processes, and not recombination processes, are considered in 

devices without excess carriers, which is the case for devices that extract carriers, 

such as photodiodes [19,26]. The characteristics of generation noise depend on the 

constituent detector material, device structure, and device temperature [27]. The three 

most important types of generation mechanisms in narrow-bandgap semiconductors 

are: Shockley-Read-Hall, Auger, and radiative. Equation below is a general formalism 

applicable to variety of semiconductor generation processes. The generation rate, Gk, 

of a particular mechanism, k, is related to the square of the intrinsic carrier 
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concentration, ni, through a proportionality term, gk. 

 

The net generation rate, G, is the sum of all Gk. The square of the intrinsic carrier 

concentration is the product of the electron, no, and hole, po, concentrations under 

conditions of thermal equilibrium: ni
2
= no po. Non-equilibrium carrier densities are n 

= ni + δn, and p = pi + δp. The general expressions for the electron, n, and hole, p, 

concentrations are: 

 

with the Fermi-Dirac integral, F1/2[η], defined using 

 

where Γ represents the gamma function, and the effective densities of states in the 

conduction and valence bands, Nc and Nv respectively, are 

 

with electron and hole effective masses, me* and mh*. In this work, when treating the 

case of degenerate semiconductors, the Fermi-Dirac integral is approximated as [29] 
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which valid over ??<η<?. In the case of non-degenerate semiconductors the form 

 

is used. 

The net generation rate of the process k, becomes, under small-signal conditions and 

expressed in terms of the lifetime of the process, τk, 

 

with the overall recombination lifetime the parallel sum 

 

 

1.4  Noise in MWIR Photodetectors 

The main noise sources in the MWIR Photodetectors are Shockley-Read-Hall Noise, 

Auger Noise and Radiative Recombination.  

1.4.1 Shockley-Read-Hall Noise 

Shockley-Read-Hall generation-recombination processes are extrinsic, as they utilize 

energy levels within the bandgap resulting from impurities and material defects. 

Electrons and holes may be both captured by and emitted from these trap states, 

which impacts excess carrier lifetimes. Semiconductor material with better crystalline 

quality exhibits less SRH generation current. The net generation rate, which takes into 

account all four processes, is [7], 
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(1.3.1) 

with σn and σp the electron and hole capture cross sections, vth the carrier thermal 

velocity, NDL the density of the traps, and the nondegenerate electron, nl, and hole, pl, 

concentrations corresponding to a Fermi energy level coincident with the energy of 

the traps, ET, are 

 

The most efficient generation of SRH current occurs when the energies of the trap 

states and the Fermi level coincide near the middle of the bandgap. It is of particular 

interest to note the Fermi energy lies in the middle of the bandgap in the depletion 

region of p-n junction photodetectors, and SRH generation current is a primary noise 

source for cooled photodiodes. 

It is useful to simplify above Equation  by approximating terms n, p, nl, and pl for 

cases in which the Fermi level is located at mid-gap in the depletion region of a 

semiconductor device. The approximation substitutes Eg/2kT for the arguments in the 

exponentials of each of these four terms. Doing so allows n, p, nl, and pl to be easily 

summed and GSRH to be expressed, as GSRH
DPEL

, in terms of the intrinsic carrier 

concentration and a lifetime, τo: 

 

Where 
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The relation between the bandgap energy, temperature, and GSRH
DPEL

 is: 

 

which takes into account the T
1/2

 temperature dependence of the thermal velocity [24] 

in the lifetime term. 

1.4.2 Auger Noise 

Multiple types of band-to-band Auger processes are possible in semiconductor 

materials [33]. Auger Noise involves two transitions: one between the conduction and 

heavy-hole bands, and the other between two energy states in the conduction band.  

1.4.3 Radiative Recombination noise  

Radiative recombination occurs when a photon is emitted upon the recombination of 

an electron and a hole. In direct bandgap semiconductor-based light emitting diodes, 

the intrinsic radiative recombination process occurring across the bandgap is 

important. Radiative recombination is not considered a limiting factor in practical 

photodetectors. Most photons arising through radiative decay are reabsorbed, which 

lengthens the measured radiative lifetime. An expression for the radiative lifetime, τR, 

is [7] 

 

Auger and radiative recombination are intrinsic processes for which universal curves 
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of the associated lifetimes, such as those shown in Figure 1.3, may be generated. 

Universal curves may not be produced for the lifetimes of SRH processes, as these 

depend on the density of traps.  

 

Figure 1.3 Carrier lifetime of Auger and radiative processes in InAs [6] 

1.5 Figures of Merit 

Figures of merit quantify the performance of an infrared detection system; they 

contrast the numbers of carriers created by incident signal photons with the numbers 

generated from noise processes. The most useful figures of merit allow comparison of 

infrared detection systems with different architectures, constituent material systems, 

and manufacturers. While some figures of merit are broadly applicable, none is 

universally appropriate. In some cases, experimental conditions influence the reported 
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numerical values [2]. 

Most of the figures of merit applied to infrared detection systems use the signal to 

noise ratio, SNR, as a basis, and are therefore related to one another. One expression 

of SNR,2 

 

is the ratio of the signal current, Is, and the noise current, In the responsivity, Ri, is the 

frequency dependent ratio of the output photocurrent, Is, to the incident optical power, 

[24,26] 

 

in which ν is the frequency of light, and the quantum efficiency, η, is defined as the 

number of electron-hole pairs generated for each incident photon. The value of the 

quantum efficiency strongly depends on the absorption coefficient of the material, 

α(λ) [24]. Responsivity is a more attractive metric when the ratio is linear, but it is not 

as useful as some other figures of merit as it contains no information about the 

minimum strength a signal must have to be detectable [37]. 

1.6 Classes of Infrared Photodetectors 

Infrared detectors are classified as either photon or thermal detectors. Thermal 

detectors experience changes in electrical properties when the temperature of the 

constituent material changes after absorbing infrared radiation; In photon-based 

detectors, incident photons interact directly with electrons. This results in a 

modification of the electronic distribution in the material and the alteration of an 

electronic property  [1, 41]. 
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Microbolometers, which are members of the thermal class of detectors, and p-n 

junction photodiodes, which are photon-based detectors, are currently the most widely 

used Infrared Photodetectors.  

1.6.1 Thermal Detectors 

The three types of thermal detectors are bolometers, pyroelectric detectors, and 

sensors based on the thermoelectric effect such as thermocouples. Electrical resistance 

changes with temperature in bolometers, differences in the spontaneous electrical 

polarization are monitored in pyroelectric detectors, and variable voltage generation is 

the basis of thermocouples. These, like all thermal detectors, return a signal based on 

the radiant power incident on the detector and are largely insensitive to the spectral 

content of the radiation. The majority of thermal detectors are not cooled, which 

makes them inexpensive, easy to use, and favored for use in space-based and field 

operations. (Thermal photodetectors based on superconductors, which are cooled to 

tens of kelvin, are a significant exception.) Benefits associated with uncooled 

operation are offset by slow response times, which is a consequence of the necessary 

wait while the material heats and cools, and their sensitivities well below those of 

photon-based detectors [2,19] 

Micromachined bolometers, termed microbolometers, have been fabricated and 

fashioned into uncooled FPAs with monolithic and hybrid readout circuits [2, 5]. 

Infrared detector systems based on microbolometer FPAs are becoming increasingly 

important for LWIR detection for applications such as surveillance, night vision, and 

thermal sights. Microbolometer arrays with 640 x 480 elements and pixels with 17 

micron side lengths are commercially available [42]. 
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Figure 1.4 Microbolometer [65] 

1.6.2 Photon Detectors 

The class of photon-based detectors includes semiconductor-based infrared detectors. 

Carriers generated in photoconductive detectors alter the conductivity of the material, 

while electron-hole pairs created in photovoltaic detectors result in a photocurrent or a 

voltage difference detectable across two electrodes. Energy states residing in the 

bandgap of the host semiconductor may be created by doping a semiconductor with 

impurity atoms. The extrinsic absorption of a photon involves exciting a carrier from 

such a state into an energy band of the semiconductor, and these transitions are used 

in some photoconductive detectors. Internal photoemission, which referrs to the 

photon-induced ejection of an electron, is the basis of Schottky barrier detector 

operation. Quantized energy levels may be created with a quantum well structure, and 

transitons involving these levels have been used in photoconductive and photovoltaic 

detectors [7, 43]. 

Unlike the majority of thermal detectors, photon-based detectors exhibit pronounced 

wavelength dependence. For photon-based detectors there exists an abrupt long 

wavelength cutoff and a typically more gradual drop off in responsivity for shorter 

wavelengths [7, 24]. Detection occurs when the photons composing the incident 
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radiation possess enough energy to transition carriers into different energy states. In 

the case of intrinsic photoconductive and photovoltaic detectors, carriers are excited 

across the bandgap of the semiconductor. The long wavelength cutoff, 

 

occurs for photons with energies less than the bandgap energy; these photons are not 

able to effect a transition and are so minimally absorbed that the material is 

considered transparent to them. For ideal photoconductors and photodiodes operating 

at wavelengths below the cutoff, η = 1. However, responsivity for high-energy 

photons is actually poor as a consequence of the large value of the absorption 

coefficient at these lower wavelengths. At a penetration depth of x, the transmitted 

radition intensity, Iv, is reduced from the incident intensity, Ivo [24,43]. 

 

Short wavelength photons are absorbed close to the surface of the semiconductor. 

These are prone to quickly recombine, which prevents them from contributing to the 

measured electrical signal. 

Although the spectral response of photon-based detectors is narrower than their 

thermal-based counterparts, photon-based detectors possess a number of advantages. 

Semiconductor material systems of most consequence to the field of infrared detectors 

possess direct energy gaps, doping flexibility, high electron mobilities, and low 

dielectric constants [7]. This endows them with fast response times, high sensitivities, 

and high signal to noise ratios [1,45]. 

Photon-based detectors are frequently cooled for better performance. Detectors 

operating in the MWIR are generally cooled to temperatures between 200 and 77 K, 
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and it is common to cool those operating in the LWIR to temperatures 77 K or lower. 

Cooling supresses the thermal generation of carriers, which competes with optical 

generation processess and obscures the signal. More aggressive cooling is required for 

LWIR photodetectors, as the smaller energy transitions are more easily triggered by 

thermal processes. Fulfilling cooling requirements presents an important obstacle to 

the more widespread adoption of photon-based infrared systems. There is a focus on 

developing devices having optimal or near-optimal performance at room temperature 

or, at temperatures greater than 200 K, which are acheivable with thermoelectric 

coolers. Thermoelectric coolers are lighter-weight and reliable performers with 

modest power requirements [2,45]. 

 

Figure 1.5 Sketch of a Photo Detector [55] 

1.6.3 Semiconductor-Based Infrared Photodetectors 

A variety of semiconductor materials are used in photon-based infrared 

photodetectors, with Hg1-xCdxTe and InSb being the most significant to commercial 

detection systems. While Hg1-xCdxTe is used in both MWIR and LWIR systems, 

InSb-based systems are exclusive to the MWIR. Other materials, such as extrinsic 

semiconductors and the lead salts have not been widely adopted for use in the MWIR 

and LWIR [ 5 ]. 
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1.6.4 Mercury Cadmium Telluride (Hg1-xCdxTe) 

Hg1-xCdxTe, of the II-VI semiconductor material system, occupies the dominant 

position in infrared detector systems. The undisputed advantage of using Hg1-xCdxTe 

is the ability to tune the wavelength sensitivity over an extensive range, from 1 to 30 

microns and beyond, during manufacture by adjusting the composition of the ternary. 

It also experiences notably small changes in lattice constant with changes in 

composition; the 0.3% change in lattice constant between HgTe and CdTe permits 

layered and graded-gap structures to be grown as high-quality crystals [2,5,7].  

HgCdTe has the direct energy gap, ability to obtain both low and high carrier 

concentrations, high mobility of electrons and low dielectric constant, HgCdTe is the 

most widely used variable gap semiconductor material for infrared photodetectors 

design at present. The extremely small change of lattice constant with composition 

makes it possible to grow high quality layers and heterostructures. HgCdTe can be 

used for detectors operated at various modes (photoconductors, photodiodes and MIS 

detectors), and can be optimized for operation at the extremely wide range of the IR 

spectrum (from visible region to 30 μm) and at temperatures ranging from that of 

liquid helium to room temperature. 

The manufacturability of Hg1-xCdxTe is a significant issue.  Infrared photodetectors 

fabricated from Hg1-xCdxTe exhibit quantum efficiencies of 50-60 percent without 

anti-reflective coatings and 70-80 percent with them.  

1.6.5 Indium Arsenide Antimonide (InAs1-xSbx) 

InAs and InSb, which are both narrow-bandgap binaries of the III-V semiconductor 

family with similar physical properties, are common MWIR photodetector materials. 

InSb is the more prevalent as it has a smaller bandgap, 0.22 ev [32] and a cutoff 
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wavelength of 5.6 µm, which is better suited to cover the whole 3 to 5 µm wavelength 

range of the MWIR atmospheric transmission window. InAs possesses a larger 

bandgap of 0.35 ev and a consequently shorter cutoff wavelength of 3.6 µm [32]. 

InAs0.4Sb0.6 with a cutoff wavelength of 7.0 µm has been demonstrated. An infrared 

detector composed of InAs0.1Sb0.9 has the potential for 77 K operation at 9.0 µm, 

which is a cutoff wavelength no other III-V semiconductor can match [55,56]. 

InSb photodetectors may be photovoltaic or photoconductive, and both monolithic 

and hybrid arrays have been produced. Hybridized arrays are common; producing 

monolithic arrays results in detectors having shorter cutoff wavelengths than when 

they are manufactured separately as well as nonlinearities in the CMOS readout.[2] 

While free carrier absorption is reduced when the back surfaces of the detector arrays 

are thinned to 100 microns, they are frequently polished to a 10 micron thickness to 

achieve higher quantum efficiency [5,7]. The diffusion length of minority carriers in 

n-type InSb is approximately 30 microns at 80 K, [57] and detector arrays with 

thicker substrates suffer from a loss of resolution and reduced responsivity [2]. 

InAs1-xSbx has attracted interest as it can potentially produce detectors operating out 

to 9 microns, but the challenge of fabricating high-quality material is substantial. The 

lack of substrates with suitable lattice constants is a key issue; devices grown from 

alloys closely lattice matched to and grown on GaSb substrates perform best. This 

material must be passivated to suppress the otherwise high levels of surface leakage 

current, and the higher levels of generation current, arising from an increased 

dislocation density in the strained material, is significant. To date, InAs0.91Sb0.09 

photodetectors have seen acceptance in optical fiber communication systems 

operating in the 2-4 micron wavelength range [2,7]. 
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1.6.6 Schottky Barrier Photodiodes and the Silicides 

Schottky barrier photodiodes have been under sustained development as alternatives 

to p-n junction photodiodes. They consist of a thin film, which is on the order of 10-

20 Angstroms thick and contains heavy metal atoms, in contact with a semiconductor 

crystal. Palladium, platinum, and iridium are popular dopants, with cutoff 

wavelengths of 3µm, 5µm, and 10 µm, respectively. Rectification creates a potential 

barrier between the metal and the doped silicate layers. Incident signal photons are 

absorbed in the metal-containing film, and those possessing enough energy excite 

majority carriers over the potential barrier. Majority carriers are typically the carriers 

of signal current. Carriers may also tunnel through the barrier, and carrier 

recombination may occur in the space charge and neutral regions. [24,43] Platinum 

silicide Schottky barriers have enjoyed considerable commercial interest.[2] 

Schottky barrier photodiodes have a number of advantages as compared with p-n 

junction photodiodes. The manufacturing process for the former is notably less 

complex, they are not subject to diffusion processes at high temperatures, and they 

have faster response times that allow higher frequency operation. [7] Forward biasing 

a Schottky barrier photodiode based on an n-type semiconductor crystal injects 

electrons into the metal-containing film. [24,43] There, collisions between carriers 

result in thermalization occurring on a time scale of approximately 10-14 seconds. 

Forward biasing a p-n junction photodiode injects carriers that must instead dissipate 

through recombination, and minority carrier recombination lifetimes are typically on 

the order of 0.5 microseconds. The difference in lifetimes results in Schottky barrier 

photodiodes having the potential for higher frequency operation [7]. 

Schottky barriers are well suited to applications in which high resolution is required, 

the background radiation is high, and cooling to temperatures below 80 K is 
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acceptable. Material uniformity is excellent. Uncorrected uniformity is better than 99 

percent for Pt:Si, which allows for the fabrication of large arrays. Arrays of Pt:Si 

devices with 1040 x 1040 pixels are available. These detectors must be cooled to 

temperatures below those required by p-n photodiodes and other detectors, due to the 

necessity of quelling the thermal emission of carriers over the barrier. However, once 

appropriately cooled, typically to 77 K, the sensitivity of Schottky barrier 

photodetectors is largely independent of temperature, which is a noted advantage over 

other types of photon detectors. [2, 7] Sensitivity is low, with scattering mechanisms 

interfering with the transport of photogenerated carriers. Quantum efficiencies are 4 

percent and 0.5 percent for Pt:Si at 2.5µm and 4µm, respectively [2]. 

1.6.7 Photoconductors 

Photoconductors are essentially optically variable resistors, in which conductivity 

increases when absorbed photons create free carriers. [19, 24, 43] In the case of 

intrinsic semiconductor material, the cutoff wavelength of the absorbed photons is 

determined by the bandgap energy. For extrinsic material, it is the difference between 

the energy of the donor state and the band edge. Photoconductors are structurally 

simple photodetectors, consisting of a width of semiconductor material sandwiched 

between two ohmic contacts. 

 

Figure 1.6 Sketch of a Photoconductor[56] 

The physical structure is illustrated at left. The schematic at right shows electron-hole 
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pair generation across the bandgap. Ec is the energy at the bottom of the conduction 

band and Ev is the energy at the top of the valence band. 

During operation, an electric field is applied across the contacts. A current always 

flows in these devices, due to the lack of barriers and the sustained voltage bias, but 

the magnitude of the current increases in the presence of a signal. The conductivity is 

expressed as 

 

where q is the charge on the carrier, μn and μp are the electron and hole mobilities, 

and n and p are the electron and hole densities. 

Performance may be quantified in terms of quantum efficiency, gain, response time, 

and detectivity. The internal quantum efficiency approaches unity, as an absorbed 

photon nearly always increases the conductivity. The external quantum efficiency can 

exceed 0.9 when the illuminated surface of the detector is coated with an anti-

reflection coating. The gain, 

 

where L is the length of the semiconductor and vd is the drift velocity, is the ratio of 

the carrier lifetime, τ, and the carrier transit time, tr, as well as the ratio of the 

measured photocurrent, Ip, to the primary photocurrent, 

 

The carrier lifetime is a critical parameter to both the gain, which may range from 1 to 

10
6
, and the response time, which varies from 10

-3
 to 10

-8
 seconds and is longer than 

that of photovoltaic photodetectors [24]. A benefit of gain includes lessened 
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dependence on low-noise preamplifiers. However, a longer response time can be a 

liability; photoconductive photodetectors are limited to lower frequency operation 

than photovoltaic photodetectors [2,7]. 

The primary internal noise sources in photoconductive photodetectors are Johnson-

Nyquist noise noise, generation-recombination noise, and 1/f noise, for which there is 

no exact analytical model [19]. Both generation and recombination processes are 

active in photoconductive photodetectors, while only generation processes are 

significant in the Barrier photodetector and the p-n junction photodiode. As a 

consequence, photoconductive photodetectors are constrained to have at least 2 times 

more noise than photodetectors, in which only the generation process contributes 

significant noise [19,26]. There are a variety of expressions for generation-

recombination noise in photoconductive detectors; each reflects different 

compositional and operational characteristics.  

The advantages of photoconductive photodetectors include high gain and ease of 

manufacture. This is particularly true of those based on extrinsic silicon and 

germanium. In the HgCdTe material system photovoltaic photodetectors, with 

microwatt power dissipation, are generally preferred over the photoconductive, with 

milliwatt power dissipation. Arrays of extrinsic silicon photoconductive 

photodetectors are modest in size, usually not larger than 128 x 128, highly sensitive, 

typically useful into the LWIR, and require cooling to temperatures in the 

neighborhood of 20 K to reduce dark current to acceptable levels. HgCdTe based 

photoconductive photodetectors are either operated singly or as groupings of a few 

elements [2]. Photoconductive photodetectors are not considered significant 

competitors to the p-n junction photodiode and Barrier photodetector. 
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1.6.8 p-n Junction Photodiodes 

The p-n junction photodiode incorporates a barrier to the flow of majority carriers 

absent from the photoconductive detector. A p-n junction is formed at the interface of 

p-type and n-type materials. Diffusion of majority charge carriers across the 

metallurgical junction creates space charge regions surrounding the junction that are 

depleted of free charge carriers. This diffusion continues until the electric field arising 

from the exposed and fixed ions is sufficiently large to discourage the further net 

migration of the majority charge carriers. In thermal equilibrium, the Fermi energy, 

Ef, is uniform throughout the device. In the absence of an externally applied field and 

under steady-state conditions, the built-in potential barrier, Vbi, is used to define the 

difference between the intrinsic Fermi energies in the n-type and p-type regions.43 

 

Figure 1.7 Sketch of a p-n junction[17] 

Top: The space charge region exists at the interface of p-type and n-type materials. 

Bottom: Energy diagram of a p-n junction showing Auger (band-to-band) and SRH 
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generation (trap-assisted) processes. Direction of free carrier diffusion is indicated.  

The majority of photogenerated carriers in MWIR photodiodes are produced in the 

material adjoining the depletion region, rather than in the depletion region itself. 

Photoexcitation occurring across the bandgap is the preferred process. Arranging for 

the majority of the absorption to occur in the p-type region is typical, as electrons 

have a higher mobility than holes. [19] Carriers generated within a diffusion length 

may diffuse into the space-charge region, where the electric field selectively sweeps 

the minority carriers through the depletion region. Gain is taken to be unity, except in 

the case of avalanche photodiodes. Photodiodes may be operated under a negative 

voltage bias, in the photoconductive mode, or with no voltage bias, in the photovoltaic 

mode. [24,28] 

Dark current in infrared, narrow-bandgap, semiconductor-based photodiodes arises 

through mechanisms including band-to-band generation (diffusion current), 

generation through trap states (SRH generation current), Johnson-Nyquist noise, 

band-to-band tunneling across the depletion region, trap-assisted tunneling through 

the depletion region, and surface leakage.[19] In the following, only diffusion 

currents, SRH generation currents, and Johnson-Nyquist noise are treated. 

The shot noise model describes the intrinsic noise in infrared photodiodes [19]. When 

operating in the low-frequency regime, the mean square noise current is 

 

where Isat is the saturation current and V is the applied voltage bias. Under the 

additional constraints of thermal equilibrium, no applied voltage, and no incident 

radiation, the mean square noise current consists of only Johnson-Nyquist noise, 
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Comparison of above two equations gives the saturation current, 

 

Diffusion current in p-n junctions is 

 

and SRH generation current, in which Wdep is the width of the depletion region and 

with the assumptions that the Fermi and trap energies coincide and the electron and 

hole lifetimes are both equal to τo, is [19,43] 

 

Infrared photodetection systems, particularly those employing large FPAs, frequently 

incorporate p-n junction photodiodes, which have a number of benefits over 

photoconductive photodetectors [2]. Stringent noise requirements can be more easily 

met. Only generation, rather than both generation and recombination, processes are 

significant in the p-n junction photodiode. This difference alone results in the noise in 

p-n junction photodiodes being better than that in photoconductive photodetectors by 

a factor of 2. [19,26] In addition, bias currents in p-n junction photodiodes are low or 

negligible, which results in lower thermal power dissipation, and coupling to the 

SiGeut state of a silicon CCD benefits from the naturally high impedance of the 
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devices. Photodiodes also permit higher-frequency operation, biasing is simpler, and 

responsivity can be more accurately predicted [2,7]. 

The preceding discussion of dark current, noise current, and D* does not consider 

surface leakage current, however the primary contributors to the noise current in 

narrow-bandgap and cooled p-n junction photodiodes are surface leakage and SRH 

generation currents. Surface leakage current has an ohmic current-voltage 

relationship, and it is approximately temperature independent. It is enabled by a 

uniformly n-type layer that covers the surface of narrow-bandgap semiconductors, 

regardless of the doping in the bulk. This surface layer arises due to the presence of 

surface charges. Surface leakage current negatively impacts the performance of the p-

n junction photodiode, as charge carriers are able to use surface leakage channels, 

which run parallel to the depletion region, to bypass the potential barrier. The surfaces 

of p-n junction based devices are routinely passivated through the application of 

native oxides or other insulators, to reduce surface leakage current and surface 

recombination and to protect the devices against undesired environmental effects. [7] 

Passivation is a time consuming, and hence undesirable process. 

While it is possible to mitigate the effects of surface leakage current, SRH current 

remains a primary source of dark current in cooled photodiodes. The bulk of the SRH 

current is generated within depletion region, and, as seen in Equation (1.6.10), the 

magnitude is proportional to both the volume of the depletion region and, through the 

presence of ni, the generation rate, GSRH. The key to minimizing SRH current is 

removing the Fermi level from the middle of the bandgap. The Fermi level may be 

moved from the middle of the bandgap by designing a photodetector composed of n-

type or p-type material and without a depletion region. The Barrier detector, discussed 

in the next section, is designed to suppress SRH current by displacing the Fermi level 
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from the middle of the bandgap.6 

1.6.9 The Barrier Photodetector 

The InAs / AlAsSb Barrier photodetector is shown in Figure 1.8 as a representative of 

the class of Barrier photodetectors. [6] The name of the Barrier photodetector class 

derives from the n-type absorption layer, the Barrier layer, and the n-type contact 

layer. Signal photons interacting with the absorption layer result in band-to-band 

excitations, and signal current is generated when the resulting holes travel to the 

contact. 

 

Figure 1.8  Sketch of the voltage-biased Barrier photodetector[23] 

The Barrier photodetector design stipulates that there be no energy discontinuity in 

the valence band, and consequently no barrier to the free flow of minority carrier 

holes. However, the intentionally large conduction band energy discontinuity, which is 

much larger than kT, blocks the flow of the majority carrier electrons. In the InAs-

based Barrier photodetector, both the zero valence band and the large conduction band 

energy discontinuities may be achieved by an AlAsxSb1-x barrier layer with a 

specific composition, x, which is found to be 0.14 < x < 0.17. A pixel is defined by 
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etching through the contact layer; the barrier layer acts as an etch stop. Gold metal 

contacts are deposited on top of the contact layer. The Barrier photodetector operates 

under a voltage bias, and the bias applied to the device shown in Figure 1.8 is referred 

to as a reverse bias. 

The fabricated device structure is shown at the upper left, and the energy diagram is 

beneath. The contacts are gold, the substrate, absorption, and contact layers are n-type 

InAs, and the barrier layer is AlAsSb. In the energy diagram, the contact layer is 

located to the right of the barrier layer. 

The design of the Barrier photodetector suppresses SRH generation current and 

reduces surface leakage current to negligible levels. [6] Nowhere does the Fermi 

energy coincide with the middle of the bandgap, which significantly reduces the SRH 

generation rate. Surface leakage current is essentially eliminated by the inclusion of 

the wide bandgap barrier layer.  

1.7 Goal of This Thesis 

The Goal of this thesis is to investigate the CMOS compatible MDIR structure based 

on avalanche and heterjunction mechanism.  

Chapter 2:  introduce Dark current and Barrier Infrared Photodiode.  

Chapter 3 compares the simulation results of the designed SiGe/Si HIP SAM MDIR 

APD 

Chapter 4 provides the conclusions 
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Chapter 2 Dark Current and IR Photodiode Structure 

2.1 Analysis of the Dark Current in Photodetector 

In a photon detector, the infrared radiation is absorbed by a quantum process, thus 

solving the problems associated with thermal detectors. However, photon detectors 

have not general been suitable for use at room temperature; this issue is explained 

below. The infrared radiation emitted by the human body at 36 C has a wavelength 

range of 3–25 µm, with a peak at 10 µm. In the case of an ideal diode, the output 

current IL of the photodiode to an external resistance under infrared irradiation is 

expressed as follows: 

 

where Iph is the photocurrent generated by exposure to infrared irradiation, Id is the 

diffusion current, k is the Boltzmann constant, T is the absolute temperature, q is the 

electron charge, V is the bias voltage, and A is the infrared irradiation absorption area. 

The saturation current density I0 is given by 

 

where ni is the intrinsic carrier concentration, pp0 and nn0 are the hole and electron 

majority carrier concentrations, τe and τh are the hole and electron mobilities, and µe 

and µh are the electron and hole lifetimes of the p- and n-type regions, respectively. 

This shows that the diffusion current varies with temperature as ni
2
. Because the 

bandgap of infrared material is small, an intrinsic carrier density of 1.5x10
16

 cm
3
 is 
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generated even at room temperature. Therefore, because the diffusion current is high 

at room temperature, the output current is very small if the device is not cooled. 

The resistance under zero bias (Ro) is affected by the saturation current density, and 

Ro is expressed as follows: 

 

Therefore, a large Ro value indicates that the device is a good photodiode with a small 

diffusion current. The RoA product is frequently encountered as a figure of merit for a 

photodiode. However, the photocurrent Iph can be raised by a photodiode structure 

that absorbs the infrared rays efficiently. A rise in Iph directly increases the output 

current IL. 

Therefore, the important considerations when creating an infrared photon detector for 

use at high temperature are as follows: 

1. Suppressing the diffusion current while increasing the resistance Ro of the 

Photodiode 

2. Increasing both the infrared incidence efficiency and the photocurrent Iph.  

2.2 New Materials and new structures needed for IR Photodiode 

Although HgCdTe is the main IR photodiode material, there are motivations to 

replace HgCdTe because of the technological problems with this material; one of 

them is a weak HgTe bond; which results in bulk, surface and interface instabilities. 

Uniformity and yield are still issues of HgCdTe, especially in the LWIR spectral 

range. Nevertheless, HgCdTe remains the leading semiconductor for IR detectors. 

Recently, there has been a considerable progress towards the IR materials’ 

development and device design innovations. In particular, significant advances have 

been made during the last two decades in the bandgap engineering of various 
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compound semiconductors that has led to the new detector architectures. New 

emerging strategies include barrier structures such as Barrier detector, low 

dimensional solids type 2 super lattice [T2SL] with lower generation/recombination 

leakage mechanisms, photon trapping detectors and multistage/cascade infrared 

devices. 

2.3 Concept of barrier infrared detector 

Historically, the first barrier detector was proposed by A.M. White in 1983 as a high 

impedance photoconductor [16]. It postulates an n type heterostructure with a narrow 

gap absorber region coupled to a thin wide bandgap layer, followed by a narrow 

bandgap contact region. The concept assumes almost zero valence band offset 

approximation throughout the heterostructure, what allows for a flow of only minority 

carriers in a photoconductor. Little or no valence band offset was difficult to realize 

using standard infrared detector materials such as InSb and HgCdTe. Situation has 

changed dramatically in the middle of the first decade of 21 century after introducing 

of III-V material detector family and when the first high performance detectors and 

FPAs were demonstrated [3, 5]. Introducing of unipolar barriers in various designs 

based on T2SLs drastically changed the architecture of infrared detectors [6]. In 

general, unipolar barriers are used to implement the barrier detector architecture for 

increasing the collection efficiency of photo generated carriers and reducing dark 

current generation without inhibiting photocurrent flow. [6] 

The term “unipolar barrier” was coined to describe a barrier that can block one carrier 

type (electron or hole) but allows for the unimpeded flow the other carrier type. 

Between different types of barrier detectors the most popular is Barrier detector 

shown in Figure 2.1. The n-type semiconductor on one side of the barrier constitutes a 

contact layer for biasing the device; while the n-type narrow bandgap semiconductor 
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on the other side of the barrier is a photon absorbing layer whose thickness should be 

comparable to the absorption length of light in the device, typically several microns. 

The same doping type in the barrier and active layers is key to maintaining low, 

diffusion limited dark current. 

The barrier must be nearly lattice matched to the surrounding material and have a zero 

offset in the one band and a large offset in the other band. It should be located near the 

minority carrier collector and away from the region of optical absorption. Such barrier 

arrangement allows photo generated holes to flow to the contact (cathode) while 

majority carrier dark current, reinjected photocurrent and surface current are blocked 

So, the Barrier detector is designed to reduce dark current (associated with SRH 

processes) and noise without impending photocurrent (signal). In particular, the 

barrier serves to reduce surface leakage current.  

The makeups of the various current components and barrier blocking in Barrier 

detector are shown in the bottom right side of Figure 2.1. 

The Barrier detector is essentially a photoconductor with unity gain due to the 

absence of majority carrier flow; and in this respect Barrier detector is similar to a 

photodiode:  the junction is replaced by an electron blocking unipolar barrier (B), and 

that the p type contact is replaced by an n type contact. It can be stated, that the 

Barrier design is a hybrid between photoconductor and photodiode. Figure 2.2 shows 

a typical Arrhenius plot of the dark current in a conventional diode and in Barrier 

detector. The diffusion current typically varies as T
3exp(-Ego/KT)

,  where Eg0 is the band 

gap extrapolated to zero temperature, T is the temperature, and k is the Boltzman’s 

constant. The generation-recombination current varies as T
3/2exp(-Ego/KT)

 and is 

dominant by the generation of electrons and holes by SRH traps in the depletion 

region. 
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Figure 2.1 Barrier Photodetector[38] 

Because in Barrier detector there is no depletion region, the generation-recombination 

contribution to the dark current from the photon-absorbing layer is totally suppressed. 

The lower portion of Arrhenius plot for the standard photodiode has a slope that is 
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roughly half that of the upper portion. The solid line (Barrier) is an extension of the 

high temperature diffusion limited region to temperatures below Tc. Tc is defined as 

the crossover temperature at which the diffusion and generation-recombination 

currents are equal. In a low temperature region, Barrier detector offers two important 

advantages. First, it exhibits a higher signal to noise ratio than a conventional diode 

operating at the same temperature. Second, it operates at a higher temperature than a 

conventional diode with the same dark current. This is depicted by a horizontal green 

dashed line in Figure 2.2. 

Wide family of barrier detectors has been considered by Klipstein et al. [13]. They 

can be divided in two groups: XBnn and XBpp detectors (see Figure 2.3). In the case 

of the first group, all have the same n-type Bnn structural unit, but used different 

contact layers (X), where either the doping, material, or both are varied. If we take 

CpBnn and Barrier devices, Cp is the p-type contact made from a different material to 

the active layer, whereas n is the n-type contact made from the same material. In the 

case of pBnn structure, the p-n junction can be located at the interface between the 

heavily doped p-type material and the lower doped barrier, or within the lower barrier 

itself. The barrier detector family also has p-type members, designated as XBpp, 

which are polarity reversed versions of the n-type detectors. The pBp architecture 

should be employed when the surface conduction of the materials is p-type and must 

be used a p-type absorbing layer. The last structure can be realized using a p-type 

InAs/GaSb T2SLs as the absorbing layer [14,15]. So called pMp device consists of 

two p-doped superlattice active region and a thin M structure with higher energy 

barrier. The band gap difference between superlattice M-structure falls in the valence 

band, creating a valence band barrier for the majority holes in a p-type semiconductor. 
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Figure 2.2. Schematic Arrhenius plot of the dark current in a standard diode and in Barrier device[38] 

In each case the contact layer (X) is on the left, and infrared radiation is incident onto 

the active layer on the right. When X is composed of the same material as the active 

layer, both layers have the same symbol (denoting the doping type), otherwise it is 

denoted as C with the doping type as a subscript. Unipolar barriers can also be 

inserted into conventional p-n photodiode architecture [7, 16]. There are two possible 

locations into which a unipolar barrier can be implemented: outside of depletion layer 

in the p-type layer or near the junction, but at the edge of the n-type absorbing layer 

(see Figure 2.4). In dependence of barrier placement, different dark current 

components are filtered. For example, placing the barrier in the p-type layer blocks 

surface current, but currents due to diffusion, generation-recombination, trap assisted 

tunneling, and band to band tunneling cannot be blocked. If the barrier is placed in the 

n-type region, the junction generated currents and surface currents are effectively 

filtered out. The photocurrent shares the same spatial makeup as the diffusion current, 

what is shown in Figure 2.4.  
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Figure 2.3 Schematic band profile configurations under operating bias for XBnn (a) and XBpp (b) 

barrier detector families[38] 
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Figure 2.4 p-n photodiode with Barrier[37] 

 

Figure 2.5 The photocurrent shares the same spatial makeup as the diffusion current[33] 

 

2.4 Material considerations for barrier infrared detectors 

The barrier detector can be implemented in different semiconductor materials. 
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Absence of a depletion region offers a way for materials with relatively poor SR 

lifetimes, such as all III-V compounds, to overcome the disadvantage of large 

depletion dark currents.  

Table 1 physical properties of semiconducting families used in fabrication of infrared photodetectors[43] 

 

The main requirement which must be met to construct the barrier detector structure is 

“zero” band offset in a proper band depending on carrier type which is to be blocked. 

Material systems where a large conduction band offset is not realizable, the pBn 

architecture may be preferable. The traditional Barrier structure requires bias to 

operate. Once zero bias operation is crucial, again pBn architecture may be used [21]. 

The large band offset requirement in one band and zero offset in the other is not the 

only one requirement to fabricate a barrier detector; the lattice matching between 

surrounding materials is also significant. Table 1 presents some physical properties of 

semiconducting families used in fabrication of infrared photodetectors. All 

compounds have diamond (D) or zincblende (ZB) crystal structure. Moving across the 

table from the left to the right, there is a trend in change of chemical bond from the 

covalent group IV-semiconductors to more ionic II-VI semiconductors with increasing 
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of the lattice constant. The chemical bonds become weaker and the materials become 

softer what is reflected by the values of the bulk. The materials with larger 

contribution of covalent bound are more mechanically robust, which leads to better 

manufacturability. This is evidenced in the dominant position of silicon in electronic 

materials and GaAs in optoelectronic ones. On the other hand, the band gap energy of 

semiconductors on the right side of the table tends to have smaller values. Due to their 

direct band gap structure, strong band to band absorption leading to high quantum 

efficiency is observed. 

The most promising materials for barrier detector structures are InAs(InAsSb)/B-

AlAsSb and InAs/GaSb T2SLs due to nearly zero VBO with respect to AlAsSb 

barriers. The InAsSb ternary alloy has a fairly weak dependence of the band edge on 

composition and is used in MWIR region. It was shown that by decreasing the 

valence band offset in InAsSb Barrier devices, signal to noise ratio increases [18]. The 

InAs/GaSb T2SLs can be used as mid or long wave length infrared absorber. In 

particular, the ability to tune the positions of the conduction band and valence band 

edges independently in the T2SL is especially helpful in the design of unipolar 

devices. This material system is in an early stage of development. Problems exist in 

material growth, processing, substrate preparation, and device passivation. 

Optimization of SL growth is a tradeoff between interface roughness, with smoother 

interfaces at higher temperature, and residual background carrier concentrations, 

which are minimized on the low end of this range. 
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Chapter 3 The Designed MDIR Photodiode 

3.1 SiGe/Si HIP Concept  

One type of internal photoemission detector, which incorporates a degenerately doped 

semiconductor electrode in place of silicide, was proposed as a variant to the basic 

Schottky-barrier detector by Shepherd et al. [5] in 1971. This concept was first 

implemented in 1990 by workers at the Jet Propulsion Laboratory, who fabricated Si-

based heterojunction detectors consisting of a heavily doped p-GeSi as shown in 

Figure 3.1, epitaxial layer on a single-crystal p-Si substrate. These devices were 

sensitive out to at least 10 µm. The operating principle of the GeSi/Si HIP detectors is 

illustrated in Fig3.2. Infrared photons with energies less than the bandgap of Si are 

transmitted through the Si substrate into the p+-SiGe layer, where a fraction is 

absorbed by free holes. A fraction of the photoexcited holes that have energies greater 

than the barrier height Ψ are emitted into the Si and collected to produce the detector 

photocurrent. The magnitude of Ψ (which is approximately determined by the 

valence-band offset ΔEv), and therefore the detector cut off wavelength, can be 

tailored by varying the composition of the SiGe layer. 

 

Figure 3.1 Schottky-barrier detector 
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Figure 3.2 The operating principle of SiGe/Siheterojunction detectors 

The cutoff wavelength λc of the HIP detector is determined by the heterojunction 

barrier Ψ, and is given by 

1.24 / ( )c q eV   

The heterojunction barrier Ψ is determined by the valence band offset ΔEv, between 

the SiGe alloy layer and the Si substrate, and the Fermi level in the degenerately 

doped SiGe layer (Figure 3.2), and is given by 

( )v v Fq E E E      

The energy band alignment of the SiGe/Si heterostructure has been studied 

extensively, and the bandgap difference splits approximately 90%/10% between the 

valence and conduction bands offset [6]. The bandgap of commensurately strained 

The bandgap of commensurately strained SiGe alloys, and correspondingly the 

SiGe/Si valence band offset AEv, can be tailored by varying the Ge composition. 

Figure 3.3 shows the SiGe/Si valence band offset ΔEv and corresponding minimum 

cutoff wavelengths calculated from the experimental data reported by People et al. [6] 

for Ge composition of 0.1 to 0.4. The cutoff wavelength of the SiGe/Si HIP detector 

hc, can be tailored over a wide IR range; for example, 5 - 22 µm with x ranging from 

about 0.4 to 0.1. The tailorable cutoff wavelength can be used to optimize the trade-

off between the LWIR response and the cooling requirements of the detector. 
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Figure 3.3 Calculated SiGe/Si valence band offsets and corresponding cutoff wavelengths as functions 

of Ge composition[47] 

 

3.2 MDIR APD Design Merit of this Thesis  

Based on previous analysis, the designed MDIR should include the following 

features: 

1 easy for fabrication 

2 low internal defects 

3 reduced dark current 

4 reduced operating temperature 

5 reasonable quantum efficiency 

Because silicon has the strong bond to bond strength and it also has outstanding low 

internal defects, silicon is selected as the base material. 

Usually the absorption coefficient is high for infrared semiconductor material, such 

as it can reach few micro meters, which is not efficient for CMOS compatible 

fabrication; SiGe/Si HIP structure is selected, since its structure has different 

mechanism to absorb infrared radiation as mention above.  

3.3 Separate Absorption Multiplication (SAM) Reach Through APD  

For increasing the quantum efficiency of designed MDIR, the avalanche mechanism 

as shown in Figure 3.4 is included. 
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 Figure 3.4 structure of avalanche photodiode [57] 

Detection in APDs takes advantage of the internal photoelectric effect as well as the 

phenomenon of avalanche multiplication of carriers in a reverse-biased silicon p-n 

junction. 

Electromagnetic radiation whose energy is at least as great as the energy gap of 

silicon (E= 1.15 eV) is absorbed in a silicon photodetector structure. The incident 

photon flux Q decays when it penetrates deep into the semiconductor in accordance 

with the function Q(x)= Qexp(–αx), where α is an absorption coefficient for a given 

wavelength. 

 

Figure 3.5 Relative distribution of photons in silicon for different wavelengths of radiation [48] 

The distance (from the surface) at which the photon  flux decreases e-fold – and is 

equal the reciprocal of absorption coefficient – is called a depth of photon penetration 



 

42 
 

into the semiconductor. In Figure 3.5, the relative distribution of photons in silicon as 

the function of the distance from silicon surface for different wavelengths is shown.  

The distances (depth of penetration) at which the photon flux is decreasing e-fold, e2-

fold, and e3-fold are marked in that figure. As it can be seen, the higher the radiation 

energy is (shorter wavelength) the smaller the depth of photon penetration becomes. 

The absorbed flux causes generation of electron-hole pairs in semiconductor. The 

pairs are separated in a reverse-biased junction of photo-detector structure (see point 3 

– design consideration). The effect that consists of generation, transport and recording 

in the external circuit of optical generated charge carriers is called the internal 

photoelectric effect and is characterised by an internal quantum efficiency ηi. 

However, because a part of incident radiation is reflected by a semiconductor surface, 

the detection process is characterised by external quantum efficiency ηe, and ηe =(1– 

Rλ)ηi where Rλ is the reflection index. 

In order to obtain the highest sensitivity, the absorption region should be sufficiently 

thick (most often it is 2/α), while the reflection index as low as possible. 

An avalanche phenomenon takes place if the electric field strength in a p-n junction is 

higher than strength of so called critical field at which impact ionisation of carriers  

occurs [44, 45]. In silicon E= 1×10
5
 V/cm. The electric field cr in a silicon p-n 

junction of an avalanche photodiode range from 2 to 5x10
5
 V/cm and cannot exceed 

the value of 106 V/cm at which the Zener effect happens.  

The impact ionisation effect is characterised by the ionisation coefficient – the 

average number of electron-hole pairs created by one charge carrier (electron or hole) 

per unit of distance (cm), during its transit in the high electric field.  

For most semiconductor materials (except germanium) ionisation coefficients for 

electrons α and for holes β differ. In Si, ionisation coefficients for electrons α are 
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much higher than ionisation coefficients for holes β hence an avalanche multiplication 

factor Me for electrons is higher, than for holes Mh. The dependence of β/α in silicon, 

so-called k factor, on the electric field is presented in Figure 3.6. 

 

Figure 3.6 Ratio of ionisation coefficients (k-factor) as a function of electric field [47] 

The APD should maximize photon absorption only. However the multiplication 

region should be thin in order to minimize secondary ionizations. These two 

conflicting requirements are achieved in Separate Absorption Multiplication (SAM) 

reach Through APD as shown in Figure 3.7. It has been demonstrated that 

resonantcavity-enhanced separate-absorption-and-multiplication (SAM) avalanche 

photodiodes (APD’s) can achieve high bandwidths and high gain bandwidth products 

while maintaining good quantum efficiency. Photodiodes with high speed and 

sensitivity are necessary components in long-haul, high-bit-rate optical 

communication systems. Avalanche photodiodes (APD’s) are preferred for these 

systems because their internal gain results in higher sensitivity than PIN 

photodetectors.  The requirements for high-performance APD’s include high quantum 

efficiency, high speed, low dark current, a high gain–bandwidth product, and low 

multiplication noise. Resonant-cavity separate-absorption-and-multiplication (SAM) 

APD’s have been shown to achieve all of these properties [37, 38]. The SAM 

structure has separate high-field multiplication and absorption regions. Usually this 
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results in lower dark currents [42]. Another benefit of the SAM APD structure is that 

only a single type of carrier is injected into the multiplication region, which is a well-

known requirement for reducing the multiplication noise that arises from the 

stochastic nature of the multiplication process [51]. As a result of their excellent 

performance, SAM APD’s have been widely deployed in optical communications 

systems [43, 45]. 

 

Figure 3.7 Separate Absorption Multiplication (SAM) Reach Through APD [58] 

3.4 The designed SiGe/Si HIP MWIR APD  

Although SiGe/Si HIP structure was implemented into IR photodiode design decades 

ago, it is not considered in recent years.  

In this design, SiGe/Si HIP is used to detect different wavelengths of infrared. To 

reduce the dark current in the designed MDIR APD, the band barrier is implemented. 

The Figure 3.8 and Figure 3.9 show the structures of the designed MDIR APDs. The 

table below shows the basic data of the designed CMOS SAM APD: 

Physical Data of the designed CMOS SAM APD 

Thickness Diameter Wavelength Reverse Bias 

voltage 
Operating  

Temperature 

0.8 µm 32 µm 5 µm 0 - 10.5V 25 C 

 

In the design, The generated electrons are swept by electric field to the n-contact, and 

generated holes travel to the P+  multiplication layer, i.e. nearly pure injection of 

http://www.opticsinfobase.org/oe/fulltext.cfm?uri=oe-17-19-16549&id=185682
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photo-generated holes into the gain region is obtained, which gives the most 

advantageous structure for low-noise operation. An effective active surface area is 32 

μm in diameter, above which is coated with an antireflection SiNx layer and Al is use 

as electrode materials.  

 

Figure 3.8 the implemented techniques in the designed MDIR photo detector 

Based on literature review, the designed structure is the only IR photodiodes utilizing 

SiGe/Si HIP and SAM avalanche structure in recent years to implement the middle 

wavelength IR photodiode application. 

3.4.1 Photodiode Variables have been investigated   

For reducing the dark current, band barrier is implemented in the designed MDIR. 

Since GaP has 1% lattice mismatch with Silicon and AlAs has the 4% lattice 

mismatch with Silicon, GaP and AlAs layer were implemented on P+ sides of 

photodiode. But only the simulation results using AlAs as band barrier are shown 

since dark current of photodiode using GaP as band barrier and dark current of 

photodiode without band barrier are at the same level. The reason why AlAs has good 

dark current surpass prosperity can be explained as:  AlAs has high band offset on 
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both conduction band and valance band of silicon.  

Only the substrate thickness of silicon was tuned in simulation for tuning the proper 

electrical field; the other thickness of each layer was kept as original design for 

deducing tunnelling current. 

 

Figure 3.9 structure of the designed CMOS MDIR APD 

The designed CMOS SAM APD structure in Detail 

Distance µm Material Doping (cm
-3

) 

-0.05 – 0.1 Al None
 

0.0 – 0.1 AlAs P doping at 1 x10
11 

 

0.1 – 0.2 Si0.8Ge0.2( Strained) P doping at 1 x10
18

 

0.2 – 0.25 Si P doping at 1 x10
12

 

0.25 – 0.3 Si P doping at 1 x10
14

 

0.3 - 0.5 Si N doping at 2 x10
17
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3.5 Simulation results of SiGe/Si HIP MDIR APD 

 

 

 

 

 

  Figure 3.10 Electrical Filed A 
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Figure 3.10 Electrical Filed B 

 

 Figure 3.11 Photogeneration rate 
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Figure 3.12Photogenerated current and Dark Current 

 

Figure 3.13 Avalanche rate  
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Figure 3.14 Electron Avalanche Possibilities 

 

 

 

Figure 3.15 Recombination rate on x direction 
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Figure 3.16 Figure 3.15 Recombination rate on y direction 

By comparing the photogenerated current and dark in Figure 3.6, Figure 3.9 and 

Figure 3.13, the following advantages of designed SAM APDs could be concluded: 

1 The output photocurrent is dependable on anode voltage. 

2 The designed SiGe/Si HIP SAM APD can run at room temperature 

3.6 Analysis of Dark Current and Generation-Recombination 

 The measured dark current of APDs can be viewed as the superposition of two main 

current components, i.e. the surface current component and the bulk current 

component [37]. In ideal APDs, the total dark current IdT can be expressed as a 

function of the multiplication factor M  

 

where IdM × M and Id0 denote multiplied and unmultiplied dark current, respectively. 

The IdM × M is a volume contribution coming from the absorption and grading 

regions. It is produced by generated carriers that flow through the multiplication 

region under the p-n junction central region (48 µm in diameter) where the avalanche 

electric field is the maximum and impact ionization happens. The unmultiplied dark 



 

52 
 

current Id0 is identified as a combination of surface contribution as well as the 

contribution from the peripherical edge of the active region, where  the electric field is 

lower than the central region of the junction and the multiplication is not expected to 

be built.  

The IdM deduced from the volume contribution of IdT (i.e. IdM × M) can be 

quantitatively described by the sum of the three independent current sources: 

generation recombination of electron-hole pairs via traps in the depletion region (Igr), 

tunneling of carriers across the bandgap (Itun), and the diffusion current due to 

thermally generated minority carriers diffusing into the depletion region (Idiff) [10]. 

For the sake of simplicity, the tunneling via Shockley-Read-Hall (SRH) centers 

located within the bandgap was ignored and the shunt current was also neglected.  

Therefore, the theoretical components of the reverse dark current were proposed as 

below [12,13]  

( / )[1 exp( qV/ 2kT)]gv i effI qn Aw     

1/2 3/2exp( / )tun o g mI A m qhE    

[1 exp( / )]diff sI I qV kT    

where q is electronic charge, ni is the intrinsic carrier concentration, A is the area of 

the active region, w is the depletion region width, τeff  is the effective carrier lifetime, 

V is applied voltage, k is Boltzmann’s constant, T is the temperature in Kelvin. In Eq. 

(3), m0 is the free-electron mass, Em is the maximum junction electric field, is 

Planck’s constant divided by 2p, and Eg is the energy gap. Other parametersare 

explained in [12] in detail. Is is the saturation current.  
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Chapter 4 Conclusions and Contributions 

4.1 Conclusions 

It is predicted that in IR region HgCdTe technology will continue in the future to 

expand the envelope of its capabilities because of its excellent properties. Despite 

serious competition from alternative technologies, HgCdTe is unlikely to be seriously 

challenged for high−performance applications, applications requiring multispectral 

capability and fast response. However, the non−uniformity is a serious problem in the 

case of LWIR and VLWIR HgCdTe detectors. For applications that require operation 

in the LWIR band as well as two colour MWIR/LWIR/VLWIR bands, most probably 

HgCdTe will not be the optimal solution [55].  

New strategy in photodetector designs includes barrier detectors, unipolar barrier 

photodiodes and new p-n structures. It seems to be clear that certain of these solutions 

have merged as real competitions of HgCdTe photodetectors. The superior 

performance of barrier detector in comparison to conventional p−n junction 

photodiode is due to fact that the nBn structure is not limited by 

generation−recombination and tunneling currents. The low defect is the advantage of 

SiGe/Si HIP structure. 

4.2 Contributions 

The presented SiGe/Si HIP SAM MDIR PAD in this thesis shows some interesting 

simulation results such as the thickness of APD is very thin compare to few µm 

thickness of HgCdTe photodetector, the uniformity of designed APD is much better 

than that of HgCdTe photodetector, the room operating temperature is also another 

interesting aspect for this designed APD. 

The three combined techniques are implemented into this MDIR photodetector 

design; some promising results are shown in this paper.  Further research is needed to 
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optimize this MDIR photo detector design and 3D simulation can be implemented in 

furture. 
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