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Single photon avalanche detectors (SPADs) have attracted increasing attention 

because of their critical roles in many important applications such as quantum 

cryptography, optical time-domain reflectometry, time-resolved spectroscopy, non-line-

of-sight optical communication, space communication and light detection and ranging. 

Although Silicon SPADs are limited to wavelength below 1.1um, III-V based SPADs with 
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Separate Absorption and Multiplication (SAM) structure are of special interest in the 

telecommunication wavelengths, exhibiting superior performance with high single photon 

detection efficiency and low dark count rate. 

Conventionally, due to the self-sustaining nature of avalanche, operation of 

SPADs requires integration of external quenching circuit to achieve both quenching and 

recovering capabilities. Integration of external quenching circuit with III-V SPADs, 

however, adds substantial complexity to device fabrication, especially for array detectors 

when each individual detector requires an external quenching circuit. Here, we present 

single photon avalanche detectors featuring a Transient Carrier Buffer (TCB) layer to 

form an energy barrier which can tentatively stop avalanche-generated carriers, 

demonstrating self-quenching and self-recovering capabilities.  

For this self-quenching and self-recovering SPAD, the escape rate of those 

stopped avalanche carriers from the barrier determines the self-recovery time and thus 

count rate of the single-photon detector. A physical model has been developed to 

simulate the dynamic characteristics of the detector. The simulation results agree well 

with the experimental data, and the self-recovery time is found to be reduced with 

increasing temperature, the magnitude of overbias, the dosage in the charge layer and 

the barrier height. In addition, thermionic emission shows a stronger dependence on 

temperature and a weaker dependence on device bias and charge layer dosage than 

tunneling. The model contains no fitting parameters and therefore can be used to model 

and predict the device behaviors. 
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Chapter 1: Introduction 

1.1 Single Photon Detectors (SPDs) 

Single photon detectors (SPDs) have attracted increasing attention because of 

their critical roles in many important applications such as quantum cryptography [1], 

optical time-domain reflectometry [2], time-resolved spectroscopy, non-line-of-sight 

optical communication, space communication and light detection and ranging [3], [4]. 

Single photon detection at 1310 nm and 1550 nm, is of particular interest, because 

optical fibers demonstrate minimum loss at these wavelengths. 

Single photon avalanche detectors (SPADs), are essentially single photon 

detectors using avalanche breakdown in the high field multiplication region to achieve 

single photon detection. Of all SPADs, Silicon SPADs have demonstrated superior 

performance with high detection efficiency, low dark count rate and reduced afterpulsing 

effect; however, the bandgap of Silicon (1.12 eV) limits their application to the 

wavelength regime below 1.1 um. On the other hand, III-V based SPADs with separate 

absorption and multiplication (SAM) structure, particularly InGaAs/InP SPADs, have 

shown the most promising results in the near infrared wavelength regime.  

1.2 Photomultiplier Tubes (PMTs) 

Photomultiplier tubes (PMTs), or photomultiplier, are based on two physics 

phenomenon: photoelectric effect and secondary electron emission. In the photoelectric 

effect, electrons are emitted from photocathode materials as a result of their absorption 

of light. These electrons are called "photoelectrons". Secondary emission is a physics 

phenomenon where primary incident particles (often electron or ions) of sufficient energy, 

when hitting a surface or passing through some material, induce the emission of 
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secondary particles. When the secondary particles are electrons, these electrons are 

referred to as secondary electrons and the effect is called secondary electron emission. 

As shown in Figure 1.1 [5], a basic photomultiplier tube is a vacuum tube consisting of a 

photocathode, focusing electrodes, a series of dynodes (polished metal electrodes) and 

an anode. When light is absorbed by a photocathode material, usually with low work 

function such as alkali metals or compound semiconductors, it can excite the electrons 

in the photocathode through photoelectric effect, resulting in emission of photoelectrons 

into the vacuum. Then, the photoelectrons are focused by the focusing electrodes and 

accelerated towards the first dynode where they “knock” more electrons from the 

dynode’s surface through secondary electron emission and are therefore multiplied; 

these secondary electrons are multiplied again during the successive dynodes, each of 

which is biased at higher voltage than the one before, and eventually collected by the 

anode. Through several dynode stages, the photoelectrons produced by the incident 

light in the photocathode can be multiplied as much as 100 million times, producing a 

large electrical signal, allowing individual photons to be detected. Photomultiplier tubes 

demonstrate a high detection efficiency of 40% and a low dark count rate of 100 Hz at a 

wavelength of 500 nm.  

 

Figure 1.1 Schematic Construction of a photomultiplier tube [5]. 
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However, the detection efficiency of PMTs is low at telecommunication 

wavelengths, only around 2% at 1550 nm at 200 K for commercially available 

InP/InGaAs PMTs. Furthermore, PMTs require very high operating voltages (~1000 kV), 

and are bulky, fragile and expensive. 

1.3 Superconducting Nanowire Single Photon Detectors (SNSPDs)  

In 2001, superconducting nanowire single photon detector was first developed by 

Dzardanov etc. from Moscow State Pedagogical University. A SNSPD consists of a 

ultrathin (~ 5 nm) and very narrow (~ 100 nm) nano scale wire with length of a few 

hundreds of microns, patterned by electron-beam lithography in a compact meander 

geometry to create a square (up to 20 um by 20 um) or circular pixel for high coupling 

efficiency between the nanowire and a single mode optical fiber and thus high detection 

efficiency. Because of its exceptionally fast photo-responsive properties, Niobium Nitride 

(NbN) is often selected as the superconducting Nanowire material. The NbN nanowire is 

deposited on a sapphire substrate, and connected to an external resistance monitoring 

circuit via much thicker and larger Au-coated contact pads. The detector is cooled to be 

in the temperature range of 1.5-4 K, well below the superconducting transition 

temperature of the (~ 10 K), and biased with a dc current that is very close to but less 

than the super-conducing critical current, the value the nanowire becomes resistive 

when the current is larger the that. When a photon is incident on the nanowire, it breaks 

the Cooper pairs, causing an increase of the local electron temperature to be above the 

critical temperature and an reduce of the local critical current of the nanowire to be 

below the bias current, as a result a local resistive hotspot is formed, perturbing the 

current distribution, triggering a fast detectable voltage-pulse.  
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Figure 1.2 Schematics of hotspot formation mechanism in a superconducting 
nanowire single photon detector [6]. 

 

For a superconductor at a temperature below its critical temperature, the 

absorption of a photon leads to a local non-equilibrium perturbation through electron-

electron interaction and electron-Debye-phonon interaction, with a large number of 

excited hot electrons (more than 300 for NbN with 790 nm of wavelength light) and an 

increase of the average electron temperature above the critical temperature, as a 

consequence, a local non-superconducting region, referred to as a hotspot (Figure 1.2a), 

is formed. As the hot electrons diffuse out, the size of the resistive hotspot enlarges 

(Figure 1.2b). At the same time, due to the resistive nature of the hotspot area, the 

super-current is expelled out of hotspot to the “sidewalks” between the hotspot and the 

edges of the film (Figure 1.2c). Since the bias current is larger than the critical current in 

the “sidewalks”, the resistive region (non-superconducting) would expand all the way 

across the entire width of the detector (Figure 1.2d). The resistance is much larger than 

the 50 ohm input resistance of the readout amplifier; as a consequence most of the bias 
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current is shunted to the amplifier, producing a voltage signal with its value 

approximately equal to the product of the bias current and the 50 ohm input resistance. 

On the other hand, the hotspot formation process competes with the cooling process. 

When the electrons diffuse out of the hotspot, they lose their energy through electron-

phonon scattering, therefore, after a certain time, the hotspot heals itself, resulting in the 

restoration of the superconducting path. The healing time depends on both the diffusion 

rate and the quasi-particle relaxation dynamics. Because of the competition of the 

hotspot formation process and the relaxation process, the NbN nanowire switch between 

the super-conducing state and the resistive state. The detector dead time, the time for 

the current to return to the nanowire, is generally set by the inductive time constant of 

the nanowire, which is ratio of the kinetic inductance of the nanowire to the impedance of 

the readout circuit. Proper self-recovery of the detector requires the inductive time 

constant be longer than the intrinsic healing time of the nanowire hotspot. 

Because a very narrow wire is required by this photon detection mechanism, to 

achieve high detection efficiency by maximizing its area overlap with the optical beam, a 

SNSPD is usually patterned in “meander” way to cover a large area. The fabrication of 

these large area detectors, however, is demanding, requiring the nanowire to be 

completely uniform for the sensitivity of the detector. Furthermore, a large area detector 

means a long meander wire. Thus, the overall inductance of the nanowire increases, as 

a result the detector dead time increases to be around 10 ns for large area detectors, 

however, it is still much faster than most other types of photon counters.  

The detection efficiency of a SNSPD, the probability that an incident photon in 

the active area will result in a voltage pulse, is the product of the probability of pulse 

triggering and the probability of absorption. The probability of pulse triggering can be 
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maximized by biasing the detector very close to the critical current. The probability of 

absorption is limited by optical loss due to the reflection from and transmission through 

the device. As shown in Figure 1.3, through integration of an optical cavity and anti-

reflection, SNSPDs have demonstrated detection efficiency of 57% at 1550 nm and 67% 

at 1064 nm at 1.8 K when the device is biased at 97.5% of the critical current [7]. The 

cavity formed through a NbN/hydrogen silsesquioxane mirror, designed such that the 

reflected light from the mirror interfere destructively with the reflection from the 

NbN/sapphire interface. Furthermore, SNSPDs have demonstrated very low dark count 

rates and extremely short the timing jitters, 65 ps at FWHM for large area devices and 

30 ps at FWHM for small area devices. 

 

Figure 1.3  Schematic cross-section of a SNSPD integrated with an optical 
cavity and anti-reflection coating [7]. 
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However, the main limitation of SNSPDs lies in the fact that they must be 

operated at very low temperatures, below the critical temperature of the nanowires, 

requiring very expensive and bulky cooling systems. 

1.4 Single Photon Avalanche Detectors (SPADs) 

Single photon avalanche detectors (SPADs) are the semiconductor equivalent of 

PMTs. They are essentially avalanche photodiodes that are designed to operate in 

Geiger mode instead of linear mode to achieve high sensitivity for detection of one single 

photon. When a SPAD is operated in Geiger mode, so called because it is similar to the 

Geiger-Muller counter for nuclear radiation application, biased above the breakdown 

voltage, a photo-generated carrier can trigger a self-sustaining avalanche current in the 

multiplication region, producing a macroscopic electrical signal that can be detected by 

the readout circuit. Compared with PMTs, SPADs have several advantages. First of all, 

and most importantly, SPADs can achieve much higher detection efficiency in the 

infrared wavelengths for telecommunication applications. Besides, they can be operated 

at much lower voltages and are more compact. Furthermore, SPADs can be fabricated 

at a lower cost. Finally, they can be better fabricated as array detectors. Compared with 

SNSPDs, on the other hand, SPADs can be operated at a much higher temperature and 

therefore can be accessed at a much lower cost. 

Owing to the advanced and mature Silicon fabrication and processing 

technologies, Silicon SPADs have demonstrated superior performances with high 

detection efficiency, low dark count rate and reduced afterpulsing. Owing to the 

advanced CMOS technology, silicon array detectors are widely used However, the 

bandgap of Silicon (1.12 eV) limits their application to the wavelength regime below 1.1 
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um, the cutoff wavelength of Silicon, as shown in Figure 1.4 [8]. The cutoff wavelength of 

a material is given by 

cutoff
1.24 eV um

    (1.1)
 [eV]g g

hc

E E
λ ⋅= =

 

 

Figure 1.4 Absorption coefficient vs wavelength and photon energy for various 
semiconductor materials [8]. 

 

This is because, for an incident photon to excite an electron from the valence 

band to the conduction band in the absorption layer, the photon energy (
hc

λ ) has to be 

larger than the bandgap ( gE ) of absorption layer material.  
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Germanium SPADs have demonstrated detection efficiencies of 15% at 1.3 um, 

however, they are plagued with high dark count rates, due to excessive tunneling current. 

When they are operated at low temperatures around 77 K to reduce the dark count rates, 

the bandgap of Germanium, however, is blue shifted. Hence, the absorption spectrum is 

limited to be lower than 1.45 um and the detection efficiency at telecommunication 

wavelengths are very low, around 1% at 1.5 um.  

For single photon detection in the telecommunication wavelengths, III-V based 

SPADs have drawn much attention, due to their excellent performance in these 

wavelengths. These detectors are designed with a Separate-Absorption-Charge-

Multiplication (SACM) structure, featuring a low bandgap material (usually InGaAs or 

InGaAsP) as the absorption region and a high bandgap material (usually InP or InAlAs) 

as the multiplication layer. Due to the limited technology of material growth and device 

fabrication, compared with the advanced Silicon CMOS technology, III-V based SPADs 

are subject to high dark count rates and severe afterpulsing at room temperature, 

therefore, they are often operated at lower temperature between 180K and 260K. 

InGaAs/InP SPADs have exhibited high single photon detection efficiency of 45% and 

low dark count rate of 12 kHz at 200 K and 1310 nm [9].  

1.4.1 Avalanche Multiplication 

Avalanche Photodiodes (APDs) are based on avalanche multiplication, or impact 

ionization, taking place in a high electric field region of a semiconductor. In the 

multiplication region, a carrier (electron or hole) gains energy through acceleration by the 

electric field. When its energy is sufficient, it may generate an electron-hole pair through 

the process of ionization, the excitation of an electron from the valence band to the 

conduction band. Note that the initial carrier loses energy during the ionization process. 
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The generated carriers, when accelerated by the electric field, are also involved in the 

multiplication process. As a result, a lot of carriers are produced through ionization. The 

multiplication gain, when initiated by a single carrier, is defined as the number of electro-

hole pairs that are produced during the process, which can be estimated as the number 

of carriers collected by one electrode. Figure 1.5 shows a schematic avalanche 

multiplication process initiated by an electron with multiplication gain of eight [10]. 

 

Figure 1.5. Absorption coefficient vs wavelength and photon energy for various 
semiconductor materials [10]. 

The impact ionization rates for electrons ( ( )nα Ε ) and holes ( ( )pβ Ε ), defined 

as the average number of electron-holes produced by a single carrier per unit length, 

depend exponentially on the magnitude of the electric field in the multiplication region 

( Ε ), given by, respectively 
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( ) exp( )     (1.2)nmn
n o

cα αΕ = −
Ε  

( ) exp( )     (1.3)pmp
p o

c
β βΕ = −

Ε  

Analysis on the avalanche process has shown that assuming constant electric 

field in the multiplication region with width of W, the average multiplication gain is given 

by [11] 

1
    (1.4)

exp( (1 ))n

k
M

W k kα
−=

− − −
 

Where 

/     (1.5)p nk β α=  

Theoretically, the avalanche breakdown voltage is defined as the voltage when the 

multiplication gain approaches infinity. In practice, the breakdown voltage is considered 

the voltage when current reach a certain high value, for example, 10uA. 

As shown in Figure 1.6, conventional APDs operate in linear mode when biased 

below the avalanche breakdown voltage to linearly amplify the electrical signals from the 

incident photons. Single photon avalanche detectors (SPADs), on the other hand, 

operate in Geiger mode when biased above the avalanche breakdown voltage to 

achieve single photon sensitivity. 
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Figure 1.6. Regions of linear mode APD and SPAD operations in the I-V 
characteristics of a p-n junction [12]. 

 

1.4.1 Figures of Merit for Single Photon Avalanche Detectors (SPADs) 

When single photon avalanche detectors (SPADs) are used to sense the 

presence of photons, detection efficiency, dark count rate and recovery time are the 

figures of merit. For experiments when SPADs are utilized to measure the arrival time of 

photons, timing jitter is also important.  

1.4.1.1 Single Photon Detection Efficiency (SPDE) 

Single photon detection efficiency (SPDE) is the probability for one single 

incident photon to initiate an avalanche event that is detectable by the readout circuit, 

equal to the product of the external quantum efficiency ( η ) and the avalanche 

breakdown probability ( avP ). 

av    (1.6)SPDE Pη= ⋅  
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Avalanche breakdown probability is the probability for a (photo-excited or dark) 

carrier in the multiplication region to trigger an avalanche event, which is strongly 

dependent on the electric field in the multiplication layer. As the device bias increases, 

the electric field in the multiplication layer increases, and thus the avalanche breakdown 

probability increases. 

External quantum efficiency is the probability for an incident photon to enter the 

detector and be absorbed in the absorption layer generating an electron-hole and for the 

hole or electron responsible for triggering avalanche to travel to the multiplication layer 

without being recombined. External quantum efficiency is the product of three 

probabilities. First, the probability of a photon enter the detector without being reflected, 

which is equal to (1 )R− , where R  is reflectivity at the surface, given by 

22 1

2 1
( )    (1.7)
n n

R
n n

−=
+  

Where 1n  and 2n  are the refractive indexes of the air and the material of detector top 

layer (the side that is illuminated with light), respectively. For III-V SPADs, InP is often 

the top surface with refractive index approximately 3.2 (Figure 1.7 [13]) and reflectivity 

around 27%. By applying an anti-reflection coating on top of the detector active area, the 

reflectivity can be minimized. 
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Figure 1.7 Refractive index of InP vs the light wavelength [13]. 

 
Second, the probability of a photon being absorbed by the absorption layer, given 

by 

Probability of photon absorption = 1     (1.8)We α−−  

where α  is the absorption coefficient and W  is the thickness of the absorption layer.   

The third is the probability for a photon-excited carrier in the absorption layer 

responsible for triggering avalanche to transport to the multiplication layer without 

recombination. For homojunction SPADs where absorption and multiplication are in the 

same region, such as Si SPADs and Ge SPADs, this probability is equal to unity. For 

SPADs with a Separate Absorption and Multiplication (SAM) structure, such as 

InGaAs/InP SPADs, the valence band discontinuity between the absorption layer and 

the multiplication layer creates a barrier for the transport of the photo-generated holes 

from the absorption layer to the multiplication layer, reducing the external quantum 

efficiency. A grading layer such as InGaAsP, therefore, is commonly used to smooth out 
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the valence band discontinuity between the two materials and promote the transport of 

the photo-generated holes in the absorption layer to the multiplication layer. Furthermore, 

SPADs with SAM structure are designed such that there is sufficient electric field in the 

absorption layer to accelerate the photo-generated holes and overcome the barrier. With 

proper device design, this third probability can almost reach unity. In this case, the 

external quantum efficiency is determined by the first two probabilities, given by 

(1 ) (1 )   (1.9)WR e αη −= − ⋅ −  

1.4.1.2 Dark Count Rate (DCR) 

Dark count rate (DCR) is the rate of dark counts, which are avalanche events 

triggered by dark carriers instead of incident photons. The external readout circuit is not 

able to distinguish avalanche events triggered by dark carriers from avalanche events 

triggered by incident photons. Hence, dark counts are the noise of a SPAD. The source 

of dark carriers can be thermal generation, band to band tunneling and emission from 

traps.  

Usually, a low dark current means a low dark count rate, since dark carriers in 

the bulk region contributes to both dark current and dark counts. Surface leakage, on the 

other hand, contributes only to dark current, but not dark counts. Therefore, surface 

leakage current, which can seriously impact the performance of linear-mode APDs, is 

relatively insignificant for SPADs while the detectors are operated in Geiger mode. 

As the detector bias increases, the dark count rate increases, due to two factors, 

namely, the increase of the avalanche breakdown probability and the field-assisted 

enhancement of the emission rate from the generation centers. The primary source of 
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dark count rate is the thermal generation in the absorption layer, which is often a low 

bandgap material. Therefore, dark count rate increases with the detector operation 

temperature, as does the dark current. Often, detectors operate at lower temperature to 

reduce the DCR. This, however, increases the afterpulsing effect, as it takes longer for 

carriers that are trapped at deep levels to be released at lower temperature. 

1.4.1.3 Afterpulsing 

Afterpulsing is the generation of false counts avalanche events triggered by 

emitted carriers that are trapped at deep levels in the multiplication layer during previous 

avalanche events. During an avalanche event, some of the photo-generated carriers are 

captured by deep levels and are subsequently released. These released carriers can 

trigger avalanche events.  The number of carriers captured during an avalanche event 

increases with the multiplication gain, the total number of avalanche-generated carriers 

during the avalanche. The multiplication gain is dependent on the quenching circuit and 

increases with the device bias. Afterpulsing is observed as the rapid increase of dark 

count rate with increasing frequency and thus inhibits high frequency operation of a 

SPAD 

1.4.1.4 Recovery Time 

SPADs are based on avalanche to achieve single photon sensitivity, which has to 

be quenched with external quenching circuits or built in negative mechanism by bringing 

down the electric field in the multiplication region to be below the breakdown field. After 

the avalanche is quenched, the SPAD is unable to detect single photons until the electric 

field in the multiplication region returns to the original value above the breakdown field. 

The time duration when the SPAD temporarily loses its single-photon detection 
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capability is called “recovery time” or “dead time”. To achieve high count rate of SPADs, 

short recovery time is desired.  The recovery time of passive quenching circuits is 

subject to the long RC delay, while the recovery time of active quenching circuits is 

determined by the adjustable hold-off time. For our design of self-quenching and self-

recovering SPADs featuring a Transient Carrier Buffer (TCB) layer to form an energy 

barrier which can tentatively stop avalanche-generated carriers as build in negative 

mechanism, the self-recovery time is determined by the escape of those stopped 

avalanche carriers from the barrier through tunneling and thermionic emission. 

1.4.1.5 Timing Jitter 

Timing jitter, also called timing resolution, is the uncertainty of the time duration 

from the incidence of a photon to the readout circuit detection of the electrical signal 

trigged by the incident photon. There are many factors that can affect timing jitter: first, 

the time for the photo-generated carriers in the absorption layer to travel to the 

multiplication layer, which is dependent on the position that the carrier is generated; 

second, the time for the photo-generated carriers to initiate avalanche events in the 

multiplication layer, which depends on the stochastic nature of the avalanche process; 

third, the number of photo-generated carriers since multiple carriers can generally 

shorten the time to initiate avalanche events and the build-up time avalanche events. 

1.4.2 Quenching and Recovery mechanisms for SPADs 

To achieve high gain for single photon detection, a SPAD must be operated in 

the Geiger mode rather than the linear mode, in which they are biased above the 

breakdown voltage so that the electric field in the multiplication region is above the 

breakdown electric field, where a carrier can trigger avalanche in the multiplication 
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region of a SPAD, producing a detectable electrical signal. Due to the self-sustaining 

nature of avalanche current, however, quenching of the avalanche by lowering down the 

electric field in the multiplication to be below breakdown electric field is required to 

prevent device damage through thermal runaway. Furthermore, right after the avalanche 

is quenched, a SPAD is unable to detect a single photon, and a recovery process is 

necessary to reset the electric field in the multiplication region to be above the 

breakdown field for the detector to recover for single photon detection. Quenching 

circuits for SPADs, therefore, are desired to possess both a quenching mechanism and 

a recovery mechanism. Gated quenching circuits, passive quenching circuits and active 

quenching circuits are the three most basic quenching circuits.  

1.4.2.1 Gated Quenching 

Gated quenching, sending a series of short pulses (a few ns) on top of the DC 

bias to bring the total detector bias above its breakdown voltage during the pulse 

duration, is employed when the detector is running in the gated mode. As shown in 

Figure 1.8, during the gate, the detector is biased above the breakdown voltage, 

enabling single photon detection. At the end of the gate, the total device bias drops 

below the breakdown voltage and the avalanche current is quickly quenched.  
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Figure 1.8. Schematic diagram for Gated mode operation [12]. 

 

However, gated quenching is only suited for applications where the arrival time of 

the incident photons is known. For applications when the arrival time of the coming 

photons are random, a SPAD must be operated in free running mode, where an external 

quenching circuit such as a passive quenching circuit or an active quenching circuit is 

usually utilized.  

1.4.2.2 Passive Quenching 

For a passive quenching circuit, avalanche current develops a voltage drop 

across a large-value ballast load resistor and quenches the avalanche itself and 

immediately after quenching the SPAD recharges through the load resistor. As shown in 

Figure 1.9, a detector is connected in series with a large load resistor with resistance of 

RL, usually with resistance of 100 kohm or more. An avalanche current can be detected 

by a comparator. When an avalanche event is initiated, the avalanche current 

discharges the detector capacitance Cd (~1pF) and the stray capacitance Cs (a few PFs) 

which is the capacitance to ground from the diode terminal that is connected to RL, 
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increasing the voltage on the load resistor while reducing the voltage on the detector and 

therefore the current. The avalanche current flows through the 50 ohm resistor and thus 

develops a voltage drop across the comparator. When the current drops below the 

threshold “latching current”, the point below which avalanche is no longer self-sustaining, 

the avalanche is quenched. After that, the detector recharges through the load resistor. 

The voltage on the detector increases with a time constant of Tr=RL(Cs+Cd) towards the 

DC voltage [14], restoring the detector for subsequent photon detection. The time 

constant (Tr) is usually in the us range and it takes about 5Tr for the voltage to recover to 

within 1% of excess voltage. In order to quench the avalanche current, the resistance of 

the load resistor needs to be large enough such that the maximum current through the 

resistor, which is approximate the excess voltage (Vexcess) above the breakdown voltage 

divided by RL, is smaller than the latching current (Iq), namely, Vexcess/RL<Iq. Iq is in the 

range of 10 uA to 100 uA, therefore, Iq is should be at least 100 kohm for an excess 

voltage of 1.0 V.  

 

Figure 1.9 Schematic diagram of a passive quenching circuit [12]. 

Charge flow, the total amount of charge in an avalanche pulse, is proportional to 

amount of carriers trapped at deep levels during the avalanche event and therefore 
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impacts the afterpulsing, which are avalanche events triggered by the release of the 

trapped carriers at the deep levels. For a passive quenching circuit, the charge flow 

during an avalanche event is about Vexcess(Cs+Cd). 

However, the main drawback of passive quenching circuits by using a large 

resistor is the long recovery time, limiting the maximum operating frequency of the 

detector. 

1.4.2.3 Active Quenching 

For an active quenching circuit, a feedback loop is able to sense the rise of an 

avalanche event and bring down the voltage on the SPAD to quench the avalanche 

current, and after a certain hold-off time quickly recharge the SPAD. Upon sensing an 

avalanche event, the comparator sends a command to the voltage driver, which 

switches the bias voltage to be below the breakdown voltage. After a certain adjustable 

hold-off time, the bias voltage is switched back to be above the breakdown voltage, and 

the detector is restored for photon detection.  

 

Figure 1.10 Schematic diagram of a active quenching circuit [12]. 
 

Compared to a passive quenching circuit, an active quenching circuit has a much 

shorter recharging time, greatly increase the operating frequency of the detector. 
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Furthermore, the hold-off time is an active quenching circuit is well defined, during which 

the detector is biased well below the breakdown voltage and no avalanche events, which 

are undesirable during the time duration, will take place. 

For an active quenching circuit, the quenching time, which determines the charge 

flow during an avalanche current, is the sum of the circulation time in the feedback loop 

and the rise time of the quenching pulse; while the recovery time is mainly determined 

by the adjustable hold-off time. However, the quenching times for an active quenching 

circuit (a few ns), which is limited by the feedback loop, is usually longer than the 

quenching time for a passive quenching circuit (less than two ns). Furthermore, in an 

active quenching circuit, the capacitive transients induced by the fast recharge of the 

detector tend to obscure the avalanche current. Therefore, techniques are required to 

cancel the capacitive transients, adding much complexity to the circuit design and 

fabrication. 

1.5 Self-quenching and Self-recovering SPADs with TCB Barrier. 

In general, for single photon avalanche detectors, external quenching circuits 

achieving both quenching and recovering capabilities are required. Owing to the 

advanced Silicon integrated circuit technology, external quenching circuits can be easily 

integrated with Silicon SPADs without introducing much complexity to device fabrication, 

although at the expense of fill factor defined as the ratio of the photosensitive area of the 

SPAD and the entire pixel area. However, for III-V SPADs, subject to the relatively 

immature integration technology, integrating external quenching circuits substantially 

increases the complexity of device fabrication and therefore the cost, especially for array 

detectors where each individual detector requires an external quenching circuit.  

Fortunately, our design of III-V SPADs with built in negative mechanism have 
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demonstrated self-quenching and self-recovering capabilities without the utilization of 

external quenching circuits, greatly reduce the complexity of device fabrication for III-V 

array SPADs. 

We have demonstrated that by introducing a Transient Carrier Buffer (TCB) 

region next to the avalanche multiplication region to form an energy barrier, the transport 

of the carriers (electrons or holes depending on the device design) can be tentatively 

hindered by the energy barrier, causing a redistribution of the voltage drop between the 

avalanche multiple region and the TCB region and subsequently quenching the 

avalanche pulse [15]-[17]. This process is called ‘self-quenching” since quenching 

occurs without any external quenching circuits. After the avalanche current pulse is 

quenched, these tentatively stopped carriers escape the energy barrier to restore the 

electric field in the multiplication region to its original level. Then the detector is self-

recovered to be ready for detection of single photons. This device concept can be 

generally applied to all kinds of compound semiconductor where the alloys can form a 

heterointerface with a proper conduction band or valence band offset as energy barriers 

for the carriers. For InGaAs-based SPADs, lattice-matched InxGa1-xAsyP1-y or 

Inx(GaAl)1-xAs compounds can form heterointerfaces with InP; and the barrier height 

can be adjusted over a wide range  by choosing the compositions of the compounds. 

Therefore, the material system offers practical solutions for implementation of self-

quenching and self-recovering for SPADs. 
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Chapter 2: Device Design 

2.1 Device Design Rules for Conventional III-V SPADs 

For an III-V avalanche photodetectors with PIN structure (i.e. homojunction APDs) 

when the absorption layer and the multiplication layer are in the same region, the 

detector is usually plagued with high dark counts, due to high tunneling current. 

Therefore, Separate absorption and multiplication (SAM) structure is generally adopted 

in the design of an III-V based SPAD. For single photon avalanche detectors designed 

with photo-excited holes as the avalanche trigger carriers, Figure 2.1 shows the 

schematic SAM structure and the electric field profile for single photon avalanche 

detectors designed with SAM structure. Note that in this design, photo-excited holes are 

responsible for triggering avalanche events in the multiplication layer. On the other hand, 

for designs that photo-excited electrons are responsible for triggering avalanche events, 

the doping type would be the opposite, i.e., n doping switch to p doping and vice versa. 

As shown in Figure 2.1(a), SAM structure features a low bandgap material (usually 

InGaAs or InGaAsP) as the absorption region where a single photon in the near infrared 

wavelength (e.g. 1550 nm) can generate an e-h pair, and a high bandgap material 

(usually InP or InAlAs) as the multiplication layer to suppress tunneling current where 

electric field is high for avalanche to take place, and a charge layer to create the large 

difference in the electric field between the former two layers so that the electric field in 

the absorption layer is low to suppress tunneling [Figure 2.1(b)]. To promote the 

transport of photo-excited holes in the InGaAs absorption layer to reach the InP 

multiplication layer for higher external quantum efficiency and therefore single photon 

detection efficiency, a grading layer is used to smooth out the transition between the 

absorption layer and the multiplication layer.  
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Figure 2.1 Schematic device structure (a) and electric field profile (b) for single 
photon avalanche detectors designed with SAM structure and photo-excited 
holes as the avalanche trigger carriers. 

 

2.1.1 Absorption Layer 

The absorption layer of a SAM structure SPAD is undoped to maintain a uniform 

electric field. In practice, detectors grown with Molecular Beam Epitaxy (MBE) or Metal 

Organic Chemical Vapor Deposition (MOCVD) exhibit a background n doping of 

~1015cm-3 in III-V materials, resulting in a small slope in the electric field profile. 

For III-V SPADs with SAM structure, the electric field in the absorption layer 

should be designed to be higher than 50kV/cm at breakdown voltage, to facilitate the 

transit of photo-excited carriers that are responsible for avalanche-triggering from the 

absorption layer to the multiplication layer and therefore reduce the chance of being 

recombined during the transport. In addition, a grading layer is often used to smooth the 

transition from the absorption layer to the multiplication layer to promote the transport. 

When these two design rules are met, the recombination of the photo-excited carriers 
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that are responsible for avalanche triggering can be neglected, and the external 

quantum efficiency is mainly determined by the following equation 

(1 )(1 )   (2.1)WR e αη −= − −  

where R  is reflectivity at the surface, α  is the absorption coefficient and W  is the width of 

the absorption layer. With an anti-reflection coating on top of the detector active area, 

the reflectivity can be greatly reduced. In such case, the external quantum efficiency is 

only determined by the absorption coefficient and the width of the absorption layer. 

Figure 2.2 shows the photon energy dependence of absorption coefficient for InGaAs [1], 

which is generally the choice of absorption layer for III-V SPADs with SAM structure in 

the telecommunication wavelengths. For an absorption layer with width of 1.5um, at 

wavelength of 1.55 um (corresponding to photon energy 0.80 eV), the absorption 

coefficient of InGaAs is ~17500 cm-1 corresponding to external quantum efficiency of 

~92.8% at 300 K. These values drop down to ~9000 cm-1 and ~74.1% at 160 K, 

respectively. 

 
 

Figure 2.2 Absorption efficient of InGaAs vs photon energy at different 
temperatures [1]. 
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Furthermore, tunneling in the absorption layer should also be considered in the 

design of SPADs. With WKB approximation, the tunneling current in the direct band-gap 

material InGaAs can be represented by  

* 3 / 2
2 exp( )   (2.2)

2 2
gm E

I
q

π
∝ Ε −

Εℏ  

where Ε  is the electric field, is the bandgap energy and *m  is the effective mass of the 

tunneling carrier. As we can see, the tunneling current is strongly dependent on the 

electric field. Therefore, the electric field in the InGaAs absorption layer should be kept 

under 100kV/cm to avoid excessive tunneling current. 

2.1.2 Multiplication Layer 

To achieve single photon detection, high electric field in the multiplication is 

required for avalanche to occur. To reduce tunneling current at such high electric field, 

therefore, it is desirable for the multiplication layer material to have large bandgap. For 

III-V SPADs with SAM structure in the telecommunication wavelength, InP (1.35 eV) and 

In0.52Al0.48As (1.48 eV) are often chosen as the multiplication layer material. Although, 

In0.52Al0.48As has better breakdown characteristics than InP due to larger bandgap, InP is 

generally preferred for being able to be fabricated as planar structure detectors through 

Zn diffusion to define the p-InP contact layer. 

The avalanche breakdown field of the multiplication layer is dependent on its 

thickness. SPADs with thinner multiplication layers lead to higher avalanche breakdown 

field and therefore more severe dark current due to band-to-band tunneling. On the other 

hand, SPADs with thicker multiplication layers lead to longer timing jitter. Therefore, 
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there is a trade-off between dark current and timing jitter for different thicknesses of 

multiplication layer. In practice, the thickness of InP multiplication layer is between 600 

nm and 1000 nm 

Furthermore, the avalanche breakdown field of the multiplication layer is 

dependent on the temperature. As the temperature decreases, the carrier energy loss 

due to phonon scattering is reduced and therefore breakdown can be achieved at a 

lower electric field. As a consequence, the breakdown voltage of a SPAD decreases at a 

lower temperature. 

2.1.3 Charge Layer 

For SPADs with SAM structure, the multiplication layer demands high electric 

field for avalanche to take place, whereas the absorption layer requires low electric field 

to avoid severe tunneling current. The function of the charge layer is to create the large 

difference in the electric field between the former two layers. In order for the electric field 

in the absorption layer ( AΕ ) to be between 50 kV/cm and 100 kV/cm when the electric 

field in the multiplication layer is at breakdown field ( MΕ ) the dosage in the charge layer 

( CD ) defined as the product of doping concentration and the thickness of the charge 

layer is given by 

A M    (2.3)CqD

ε
Ε = Ε −

 

2.2 Design of Self-quenching and Self-recovering SPADs with TCB Barrier 

2.2.1 Transient Carrier Buffer (TCB) Design 
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For III-V SPADs with SAM structure, incorporating an additional Transient Carrier 

Buffer (TCB) layer next to the multiplication layer to form an energy barrier can 

tentatively stop the avalanche-generated carriers in the multiplication layer. The escape 

of the trapped carriers from the energy barrier through tunneling and thermionic 

emission defines the recovery process of the SPADs. In this manner, III-V SPADs with 

TCB barrier achieves self-quenching and self-recovering capabilities.  

The energy barrier can either stop avalanche-generated holes or electrons, 

depending on the design. For SPADs that photo-excited holes are responsible for 

triggering avalanche events in the multiplication layer, the detector is biased such that 

holes are traveling in the direction from the absorption layer to the multiplication layer 

while electrons are traveling in the opposite direction. For such SPADs, the design of 

Figure 2.3(a) with the TCB layer between the absorption layer and the multiplication 

layer form an energy barrier for the avalanche-generated electrons (conduction band 

offset) in the multiplication layer, whereas the design of Figure 2.3(b) with the 

multiplication layer between the absorption layer and the TCB layer form an energy 

barrier for the avalanche-generated holes (valance band offset) in the multiplication layer.  
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Figure 2.3 Schematic structure of SPADs with TCB layer to stop (a). avalanche-
generated electrons when photo-excited holes are responsible for triggering 
avalanche events or avalanche-generated holes when photo-excited electrons 
are responsible for triggering avalanche events and (b). avalanche-generated 
holes when photo-excited holes are responsible for triggering avalanche events 
or avalanche-generated electrons when photo-excited electrons are responsible 
for triggering avalanche events. 
 

On the other hand, for SPADs that photo-excited electrons are responsible for 

triggering avalanche events in the multiplication layer, the detector is biased such that 

electrons are traveling in the direction from the absorption layer to the multiplication layer 

while holes are traveling in the opposite direction. For such SPADs, the design of Figure 

2.3(a) with the TCB layer between the absorption layer and the multiplication layer form 

an energy barrier for the avalanche-generated holes (valence band offset) in the 

multiplication layer, whereas the design of Figure 2.3(b) with the multiplication layer 

between the absorption layer and the TCB layer form an energy barrier for the 

avalanche-generated electrons (conduction band offset) in the multiplication layer. 
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2.2.2 Implementing TCB Barrier 

Figure 2.4 shows the band diagram for InxGa1-xAsyP1-y or Inx(GaAl)1-xAs 

compound semiconductors that that are lattice matched to InP. These materials can be 

grown on top of each other through Metal Organic Chemical Vapor Deposition (MOCVD). 

Therefore, the material system offers practical solutions for implementation of self-

quenching and self-recovering for SPADs. 

 

 

Figure 2.4  Energy band diagrams of III-V compound semiconductors that are 
lattice matched to InP. 

 
When In0.52Al0.48As is selected as the multiplication layer, no conduction band 

energy barrier can be formed to stop avalanche-generated electrons in the multiplication 

layer, since none of the semiconductor compounds has higher conduction band energy. 

However, a valence band energy barrier for avalanche-generated holes can be realized 

by choosing InxGa1-xAsyP1-y compounds as the TCB layer, which can be adjusted over a 

wide range from 0 to 120 meV. In this case, design of Figure 2.3(b) is adopted with the 
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multiplication layer between the absorption layer and the TCB layer to stop avalanche-

generated holes. 

On the other hand, when InP is selected as the multiplication layer, no valence 

band energy barrier can be formed to stop avalanche-generated electrons in the 

multiplication layer, since none of the compounds has a lower valence band energy. 

However, a conduction band energy barrier for avalanche-generated holes can be 

realized by choosing Inx(GaAl)1-xAs compounds as the TCB layer, which can be adjusted 

over a wide range from 0 to 350 meV. In this case, design of Figure 2.3(a) is adopted 

with the TCB layer between the absorption layer and the multiplication layer to stop 

avalanche-generated electrons. 

In summary, as shown in Figure 2.5(a), we can design self-quenching and self-

recovering SPADs with an InGaAlAs TCB barrier to stop avalanche-generated electrons 

in the InP multiplication layer. Alternatively, as shown in Figure 2.5(b), we can design 

self-quenching and self-recovering SPADs with an InGaAsP TCB barrier to stop 

avalanche-generated holes in the InAlAs multiplication layer. Note that in both designs, 

InGaAs or InGaAsP is generally chosen as the absorption layer. These two designs 

have been demonstrated experimentally, achieving self-quenching and self-recovering 

capabilities [2]-[4]. The first design, however, is preferred because Zn diffusion planar 

SPADs with superior performance can be fabricated in this design. On the contrary, the 

second design can only be fabricated through mesa etch technique, subject to excessive 

dark count rates. 
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Figure 2.5 Schematic structures of self-quenching and self-recovering SPADs 
featuring (a.) an InGaAlAs TCB barrier to stop avalanche-generated electrons 
in the InAlAs multiplication layer or (b.) an InGaAsP TCB barrier to stop 
avalanche-generated holes in the InAlAs multiplication layer. 

 

2.3 InGaAs/InAlAs/InP Self-quenching and Self-recovering SPADs 

In this section, we discuss in detail of an InGaAs/InAlAs/InP SPAD featuring an 

InAlAs TCB layer with built-in negative feedback mechanism. The SPAD has been 

fabricated in our group, demonstrating both self-quenching and self-recovering 

capabilities without the utilization of an external quenching circuit [4].  

 

InP 

Multiplication 

InGaAlAs 

TCB 

InGaAs  

Absorption 

 

(a) 

 

 

InGaAsP 

TCB 

InAlAs 

Multiplication 

InGaAs 

Absorption 

 

(b) 

 



36 

 

 

 

 

Figure 2.6 (a) Detector structure consists of an undoped InGaAs absorption 
layer, an undoped first grading layer, an undoped InAlAs TCB layer, an 
undoped second grading layer, an n-doped InP charge layer, an undoped InP 
multiplication layer, and a p-InP contact layer. (b) The band diagrams before 
(top) and after (bottom) avalanche. 

The detector structure and the band diagrams before and after avalanche are 

shown in Figure 2.6. As illustrated in Figure 2.6(a), similar to a conventional InGaAs/InP 

SPAD, the detector has an undoped low bandgap InGaAs absorption layer where a 

single photon in the near infrared wavelength (e.g. 1550 nm) can generate an e-h pair, 

an undoped InP multiplication layer where electric field is high for avalanche to take 

place, and an n-doped InP charge layer to create the large difference in the electric field 

between the former two layers. Unlike a traditional InGaAs/InP SPAD, however, the 

detector contains an additional InAlAs TCB layer next to the multiplication layer, creating 
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a conduction band barrier to temporarily stop the transport of avalanche-generated 

electrons. To promote the transport of photo-excited holes in the InGaAs absorption 

layer to reach the InP multiplication layer, the first InGaAsP grading layer is used to 

smooth out the valence band discontinuity between the absorption layer and TCB layer 

while the second InGaAsP grading layer is used to smooth out the transition from the 

TCB layer to the multiplication layer. 

The absorption of an IR photon generates an e-h pair in the InGaAs layer. The 

electron exits the device from the anode, but the hole travels across the TCB region and 

enters the InP multiplication layer to initiate an avalanche event, producing a very large 

number of e-h pairs. Note that those secondary electrons produced by the avalanche 

multiplication have to overcome the energy barrier to reach the anode. The height of the 

energy barrier is equal to the conduction band offset between InP and InAlAs. The 

detailed implementation in the layer structure of Figure 2.6(a) includes a grading layer 

which is not important for the purpose of device modeling. Those secondary electrons, 

tentatively hindered by the energy barrier, are accumulated at the InAlAs/InP 

heterointerface, as shown in Figure 2.6(b). As a consequence of the electric field 

screening, the electric field in the InP multiplication layer drops whereas the electric field 

in the InAlAs TCB layer rises. Once the electric field in the InP multiplication layer falls 

below the breakdown field, the avalanche pulse is quenched. At this moment, 

subsequent single photons would not be able to trigger avalanche events in the InP 

multiplication layer and the detector temporarily loses its ability to detect single photons. 

As those accumulated electrons escape the energy barrier through thermionic emission 

and tunneling, the electric field screening effect diminishes and the electric field in the 

InP multiplication layer recovers. As soon as the electric field in the multiplication layer 

surpasses the breakdown field, the detector regains its ability for single photon 
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detection. In this manner, the detector achieves its self-quenching capability and self-

recovering capability. Note that throughout the process of self-quenching and self-

recovery, the detector is biased at a constant DC voltage.  
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Chapter 3: Device Fabrication and Characterization 

3.1 Device Structure and Silvaco Simulation 

In this chapter, we discuss the device structure, fabrication and characterization 

of the InGaAs/InAlAs/InP self-quenching and self-recovering SPADs. Table 3.1 lists the 

detailed epi-layer structure of the detector with information of material, thickness and 

doping. 

Table 3.1 Epi-layer structure of the self-quenching and self-recovering 
InGaAs/InAlAs/InP SPADs. 

Function Material Thickness [um] Doping [cm-3] 
Substrate InP   n+ 

Buffer InP 0.5 n=1e17 
Absorption Layer InGaAs 1.5 i 
Grading InGaAsP 0.1 i 
TCB layer InAlAs 0.8 i 
Grading InGaAsP 0.1 i 
Charge layer InP 0.25 n=1e17 
Multiplication  InP 0.8 i 
Contact InP 0.20 p=2e18 
 

For InP multiplication layer with 0.80um of thickness, the breakdown electric field 

is ~398 kV/cm at 180K and ~438 kV/cm at 260K. With the designed thickness and 

doping of the charge layer, the electric field in the absorption layer is ~34 kV/cm at 180K 

and ~74 kV/cm at 260K, as shown in equation 3.1.  

19 17 -3 4

14

5

A M

(1.60 10  C) (1.0 10  cm ) (0.25 10  cm)

12.4 8.85 10  F/cm
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To verify the device characteristics of the device structure, simulation through 

commercial physically-based simulation software Silvaco Atlas is conducted. Figure 3.1 

shows the simulated IV characteristics at 300K, demonstrating a punch-through voltage 

around -43.0 V, which can be adjusted by the doping and thickness of n-InP charge 

layer [2]. The simulation fails to converge after -56.4 V because avalanche breakdown 

cannot be simulated in DC. 

 

Figure 3.1 I-V characteristics of InGaAs/InAlAs/InP SPAD in the dark at 300K.  
The sudden rise in current indicates the punch through voltage (-43.0 V) [2]. 

 
To study the device characteristics in free-running Geiger-mode operation, we 

need to simulate the transient characteristics with the device biased above its 

breakdown voltage. Figure 3.2 shows the transient simulation of the current response 

due to the light pulse input. Here a train of 1550 nm light pulse illuminates the device 

and avalanche pulses are triggered. Compared to the input optical pulse signal, the 

much higher avalanche current pulse represents that a very high gain (in the order of 

104) is generated by the avalanche process. The available photocurrent in Figure 3.2 is 
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calculated as a function of optical power of the input beam, the absorption coefficient of 

the material, and the reflections due to any interfaces. 

With the avalanche electrons trapped at the InAlAs/InP interface, the electric field 

in the InP multiplication layer and thus the gain sharply decreases, which quenches the 

avalanche pulse within 3 ns. Note that this is truly self-quenching as the light pulse width 

is longer than the current pulse width. As time passes, the trapped electrons slowly 

escape and the electric field in the InP multiplication layer and the gain increases. Thus 

the device enters the self-recovery process.  

To demonstrate the limitations of the self-recovery process, light pulses are 

inputted every 40 ns in Figure 3.2(a) and every 20 ns in Figure 3.2(b). The five light 

pulse inputs following the first light pulse in Figure 3.2(a) do not produce detectable 

output current pulses since the electric field in the multiplication layer has not fully 

recovered yet. However, at t=250 ns from the initial optical pulse, the device is self-

recovered and can produce the output signal of a similar intensity to the first signal.  

 

Figure 3.2. Simulated output current of the device under optical excitation.  The 
device is biased at -58 V and operates at 300 K. (a) 40 ns interval between light 
pulses. (b) 20 ns interval between light pulses [2]. 
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When the duration between light pulse input decreases to 20 ns (Figure 3.2b), 

the second detectable pulse is at t=270 ns although there exist some weaker output 

signals in between, manifesting that the self-recovery process is affected by the data 

rate, dark count, and other processes including after pulsing and optical cross talk.  In 

general, the more frequently such events replenish the carriers which escape the energy 

barrier, the longer the self-recovery time will become. 

 

3.2 Device Fabrication through Mesa Etch Method 

In this section, we discuss the device fabrication through mesa etch. Figure 3.3 

shows the schematic process flows. Note that the detector area is on the left and the 

contact pad area is on the right. The device layout in Figure 3.4 shows devices with 

photo-active diameters of 10um, 30um and 60um and contact pad of 100um by 100um 

for wire bonding. 
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Figure 3.3 Schematic process flows for device fabrication through mesa etch. 
The left part of shows the detector area and the right part shows the 100um by 
100um contact pad. 

 

Figure 3.4 Device layout shows devices with photo-active diameters of 10um, 
30um and 60um and contact pad of 100um by 100um. 
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In the first step, SiO2 is patterned for contact pad. To do that, SiO2 is first 

deposited on the wafer by PECVD at 350oC. Then, positive photoresist Shipley 1818 is 

deposited and patterned, serving as the etch mask for SiO2 etching. Finally, SiO2 is 

etched using Buffered oxide etch (BOE) solution, comprising a 6:1 volume ratio of 40% 

NH4F in water to 49% HF in water. 

In the second step, mesa etch is performed to reduce the dark current. First, 

Shipley 1818 is deposited and patterned on the device area and the contact pad area, 

serving as the mesa etch mask. Then, the sample is mesa etched in HBr:H2O2:H2O 

solution with volume ratio of (1:1:10) from the top InP contact layer all the way through 

the InGaAs layer, requiring the etching depth to be larger than 3.75 um. Figure 3.5 

shows a SEM picture of the sidewall after mesa etched. 

 

Figure 3.5 A SEM picture of the sidewall after mesa etched. 
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In the third step, polyimide is used to passivate the sidewall of the device. 

Without passivation, the sidewall is exposed to the air, causing surface leakage current 

and reliability issues. To perform polyimide passivation, PI-2737 form HD MicroSystems 

is dispensed on the wafer surface and spun at 5000 rpm (revolutions per minute) for 40 

seconds. After softbake at 75oC for 3 minutes on a hotplate, the wafer is exposed with 

SUSS MicroTec Aligner MA6 at an intensity of ~8.0 mW/cm2 for 15 seconds. Then the 

wafer is developed in DE9040 for 50 seconds and rinsed in RI9180 for 30sec, both from 

HD MicroSystems. To convert polyamic ester to insoluble imide and drive out the 

solvants, the wafer is cured in Heat Pulse 610 from AG Associates in a forming gas with 

95% N2 and 5% of H2. The temperature in the chamber is ramped up to 200oC at a rate 

of 5oC/minute and stays for 30 minutes, and then is ramped up to 340oC at a rate of 

2.5oC/minute and stay for 60 minutes. Then, the temperature is ramped down at a rate of 

5oC/minute. The polyimide thickness decreases from ~2.0 um before curing to be ~1.0 

um after curing. Then 2 minutes of descum in O2 plasma (200 mTorr and 150 W) is 

performed to remove some polyimide residue left on the photo-exposure area. The 

presence of the polyimide residue prevents electrical contact of metal with the detector. 

Finally, metal is deposited to form electrical connection. To form the contact pad 

on top, negative photoresist NR1500-PY is deposited and patterned, followed by 1 

minute of descum in O2 plasma (200 mTorr and 150 W). Then 10nm of Ti and 300 nm of 

Au are deposited using BJD 1800 Ebeam Evaporator from Airco Temescal. After that, 

the wafer is immersed in Acetone for a few hours to lift-off the metals. Note that the size 

of the contact pad is 100um by 100um, which is for wire-bonding. Finally, 85 nm of Ge 

and 135 nm of Au are evaporated to the backside for electrical contact. 

3.3 Device Characterization 
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3.3.1 I-V Characteristics  

Semiconductor parameter analyzer Agilent 4156B is used to measure the DC 

characteristics of the device. Figure 3.6 shows the dark current and photocurrent under 

the illumination of light with optical power of 40 nW. 

 

 

Figure 3.6 Dark current and photocurrent under illumination of light with optical 
power of 40 nW at 1550 nm, as well as the multiplication gain. 

For an APD, the dark current is composed of two components, namely, bulk dark 

current ( mI ) and surface leakage current ( unI ). Bulk dark current, contributed from the 

carriers in the bulk region, is multiplied at the high field multiplication region. On the 

contrary, the surface leakage current, which is due to the interface states on the sidewall 

and the mobile ions in the mesa passivation layer, is not multiplied since it does not 

experience the high electric field region. Therefore, the dark current can be represented 

by 
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dark m un m0 un   (3.2)I I I M I I= + = × +  

where M  is the multiplication gain and m0I  is the primary dark current defined as the 

bulk dark current at unity multiplication gain (biased at punch-through voltage). 

The measured photocurrent ( pI ) is contributed by the dark current ( darkI  ) and 

the current due to photon absorption ( p darkI I− ). Since the current contributed by 

photon absorption gets multiplied in the high field multiplication region, we have  

p dark p0 dark( )  (3.3)I I M I I− = × −  

where p0I  is the measured photocurrent at the punch-through voltage while the 

multiplication gain is unity. In Figure 3.2, p0I  is 31.9 nA at the punch-through voltage 

around 52.0V. The multiplication gain can be obtained from the photocurrent and the 

dark current through. 

p dark

p0 dark
  (3.4)

I I
M

I I

−
=

−  

If p darkI I>> , the multiplication gain can be represented approximately by,  

p

p0
  (3.5)

I
M

I
=

 

External quantum efficiency (η ) is defined as the ratio of the number of photons 

contributing to the photocurrent to the total number of incident photons. It can be 
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calculated by ratio of the photocurrent contributed by photon absorption ( p0 darkI I− ) at 

punch-through voltage to the source photocurrent.  

p0 dark p0
p0 dark

source source
  (approxmation applies when )  (3.6)

I I I
I I

I I
η

−
= ≈ >>

 

where source photocurrent is a measure of the rate of the photons incident on the device 

expressed as a current, given by 

source   (3.7)
/

qP
I

hc λ
=  

where P  is the power of the incident light and the photon energy is given by /hc λ . At 

wavelength 1550 nm, the photon energy is 0.80 eV. From figure 3.6, with the measured 

photocurrent at the punch-through voltage ( p0I ) of 31.9 nA and the power of the incident 

light of 37.0 nW (corresponding to source current of 37.0/0.80=46.3 nA), the external 

quantum efficiency is calculated to be around 69%. Note that for this device, anti-

reflection coating is not applied, as a result the light loss due to reflection at the top 

surface is around 27%. With anti-reflection coating, the external quantum efficiency is 

expected to be improved to be around 95%, which is close to the theoretical value of 

93%, calculated from the absorption coefficient of InGaAs at 300 K (~17500 cm-1) and 

the absorption layer thickness (1.5um). 

3.3.2 Photon Counting Experiment 

3.3.2.1 Free Running Mode without External Quenching Circuit 

Figure 3.7 shows the schematic experiment setup and Figure 3.8 shows the 

setup with experiment equipments for photon counting in free running mode without any 
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external quenching circuits. As shown in Figure 3.9, the device under test (DUT) is 

mounted in a VPF-100 cryostat chamber from Janis with transparent windows for light 

illumination. The temperature inside the chamber can be adjusted by a temperature 

controller from Lake Shore Cryotronics Inc, ranging from 77K to 400K. A source meter 

Keithley 2400 applies DC bias on the DUT through the inductor of Bias Tee 5530A from 

Picosecond Pulse Labs. After passing through the capacitor of the Bias Tee to block the 

DC signal, the output signal is then magnified through a couple amplifiers 15 V with total 

gain of 200 which are DC biased by a voltage source for amplifiers. After that, the signal 

is passed on to an oscilloscope TDS 3032 from Tektronix for display or to a pulse 

counter MSA-1000 from Becker & Hickl for photon counting. To illuminate the detector 

with light, Id300 short-pulse laser source from id Quantique offers short light pulse of 300 

ps FWHM at a wavelength of 1550nm with repetition rate ranging from DC to 500 MHz. 

Before incident on the detector, the light passes through two convex lenses for focusing 

the spot size and a combination of a variable optical attenuator and a neural density filter 

for light intensity attenuation to reduce the average incident photon number per light 

pulse on the detector. Pulse generator 81110A from Agilent sends out two pulses: one to 

trigger the laser source and the other to trigger the oscilloscope or the counter. Note that 

these two electrical triggering pulses are correlated and the separation time between 

them is adjustable. As we can see, this setup does not involve any external quenching 

circuits; therefore detectors that operate in the setup require both self-quenching and 

self-recovering capabilities. 
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Figure 3.7 Schematic experiment setup for photon counting experiment in free 
running mode without external quenching circuit. 

 

Figure 3.8 Experiment setup with equipments for photon counting experiment in 
free running mode without external quenching circuit. Note that pulse generator 
and laser diode are not shown in the picture. 
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Figure 3.9 DUT mounted in a VPF-100 cryostat chamber.  

3.3.2.2 Singe Photon Detection Efficiency and Dark Count Rate Measurement 

Figure 3.10 shows the output of pulse counter MSA-1000 during a photon 

counting experiment. The two peaks in registered counts are due to avalanche pulses 

triggered by incident photons, whereas the background counts are due to avalanche 

pulses triggered by dark carriers. The dark count probability ( darkP ), which is defined as 

the probability of detecting an avalanche event triggered by at least one dark carrier, can 

be calculated to be the ratio of the number of background dark counts ( darkN , ~220 in 

Figure 3.10) to the number of sweeps (count attempts, 100000 in Figure 3.10). 

dark
dark

sweep

P    (3.8)
N

N
=  
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Figure 3.10 Output of pulse counter MSA-1000 during a photon counting 
experiment. 

The dark count rate, defined as the average rate of registered counts without any 

incident photons, can be calculated to be the ratio of the dark count rate to the gate 

width of the pulse counter (1 ns for MSA-1000). The total count probability ( TotalP ), 

defined as the probability of detecting an avalanche event triggered by a least one 

photo-excited or dark carrier can be calculated to be the ratio of the number of total 

counts ( totalN , ~1030 in Figure 3.10) to the number of sweeps.  

total
total

sweep

P    (3.9)
N

N
=  
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 In the following, we will show that single photon detection efficiency (SPDE) can 

be calculated from the dark count probability and the total count probability.  

Dark carriers in the multiplication region follows the Poisson distribution, meaning 

that with an average number of dn  dark carriers within certain duration of time in the 

multiplication region the probability of k dark carriers within the duration is given by 

( , )    (3.10)
!

dn
d

d

n e
f n k

k

−

=  

Avalanche breakdown probability ( aP ) is the probability for a carrier (photo-

excited or dark) in the multiplication region to trigger an avalanche event. Therefore, the 

probability for an avalanche event to be triggered by k dark carriers in the multiplication 

region is given by a1 (1 P )k− − . 

The dark count probability is then given by 
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Note that 

av( , ) [ (1 P ), ] 1   (3.12)d d
k k

f n k f n k= − =∑ ∑  
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Therefore, the dark count probability with an average number of dark carriers in 

the multiplication region with avalanche breakdown probability is given by 

avP
darkP 1    (3.13)dne−= −  

On the other hand, the average number of photo-excited carriers in the 

multiplication layer is the product of the average number of incident photons ( photon
n ) 

and the external quantum efficiency ( η ).  Since the number of photons within a laser 

pulse follows Poisson distribution, the total count probability contributed by both incident 

photons and dark carriers is given by [4] 

photon av photon av( ) P
Total darkP 1 1 (1 P )    (3.14)dn n n Pe eη η− + ⋅ ⋅ − ⋅ ⋅= − = − − ⋅  

Single photon detection efficiency (SPDE), the product of the external quantum 

efficiency and the avalanche breakdown probability, is then given by 

dark
av

photon Total

1 P1
SPDE ln( )   (3.15)

1 P
P

n
η −= ⋅ =

−  

3.3.2.3 Single Photon Response in Free Running Mode 

Figure 3.11 shows an output avalanche pulse at 47.7 V and 260 K when the 

InGaAs/InAlAs/InP self-quenching and self-recovering SPADs operate in free running 

mode. Note that the pulse can be triggered by either photo-excited or dark carriers. The 

pulse width is ~4.0 ns, demonstrating self-quenching capability. The Geiger-mode gain, 

defined as the number of carriers generated during an avalanche pulse, can be 



56 

 

 

 

calculated by integrating the avalanche pulse over the time. At 47.7 V and 260 K, the 

Geiger-mode gain is calculated to be ~4.4e5. 

 

Figure 3.11 Output avalanche pulse at 47.7 V and 260 K when the detector 
operates in free running mode. 

As the applied bias increases, the Geiger-mode gain increases due to higher 

electric field in the multiplication region. As shown in Figure 3.12, the peak current 

increases from ~35.0 uA at 47.7 V to be ~60.0 uA at 48.2 V, corresponding to Geiger-

mode gain of ~9.0e5. Note that after an avalanche pulse quenched, after a certain time, 

another pulse is triggered by photo-excited or dark carriers, demonstrating self-

recovering capability. In this manner, the SPAD achieves self-quenching and self-

recovering without relying on external quenching circuit. 
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Figure 3.12 Output avalanche pulse at 48.2 V and 260 K when the detector 
operates in free running mode. 

 

3.3.2.4 Single Photon Detection Efficiency versus Dark Count Rate in Free 

Running Mode 

Figure 3.13 shows the experimental results of single photon detection efficiency 

versus the dark count rate for the InGaAs/InAlAs/InP self-quenching and self-recovering 

SPADs in free running mode at 260 K.  Note that the dark counts include contribution 

from afterpulsing, i.e., avalanche events triggered by the release of carriers trapped at 

deep levels during previous avalanche events. As the applied bias increases, both the 

single photon detection efficiency and the dark count rate increases, due to higher 

electric field in the multiplication region and therefore higher avalanche breakdown 

probability. Therefore, there is a trade-off between single photon detection efficiency and 
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dark count rate at different applied bias. Note that, as the applied bias increases, single 

photon detection efficiency increases slower than dark count rate and saturates at high 

dark count rate. This is because right after an avalanche pulse is quenched, the detector 

temporarily loses its ability of photon detection and therefore photons incident on the 

detector at a certain time (recovery time) after an avalanche event is triggered by dark 

carriers is not able to be detected, impairing the single photon detection efficiency. 

 

Figure 3.13 Single photon detection efficiency versus dark count rate in free 
running mode at 260K. 

The performance of the mesa etched device, as we can see, is far from excellent, 

with high dark count rate and low single photon detection, due to the non-uniformity of 

device fabrication and therefore non-uniform electric field in the multiplication layer.  The 

non-uniformity of the device can be verified from the experiment of hot carrier 

electroluminescence. Due to the acceleration in the high electric multiplication, the 

avalanche-generated carriers gain a lot of energy, the recombination of which emits light. 

Some of the light is in the visible spectrum, which can be detected by Silicon CCD.   
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From the electroluminescence experiment picture in Figure 3.14 taken by a high 

sensitivity and low noise CCD camera, only the corner of the detector emits light, an 

indication of edge breakdown. As a result of edge breakdown, the area of the detector 

usually with electric field in the multiplication layer above the breakdown electric field is 

only a small percentage of the whole device area, significantly degrading the single 

photon detection efficiency. 

 

Figure 3.14 Electroluminescence experiment suggests edge breakdown. 

3.3.2.5 Single Photon Detection Efficiency versuss Dark Count Rate in Gated Mode 

In free running mode, InGaAs/InAlAs/InP self-quenching and self-recovering 

SPADs are DC biased above the breakdown voltage. The photon detection ability of the 

detector is drastically weakened by avalanche events that take place before the 

incidence of the photons. In Gate mode, on the other hand, the detector is biased above 

the breakdown voltage only within the gate and therefore avalanche events can only be 

triggered during the gate. The probability of avalanche events triggered by dark carriers 

during the gate that can significantly detection of incident photons is substantially 

reduced, enhancing the single photon detection efficiency. Although the self-quenching 
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and self-recovering InGaAs/InAlAs/InP SPAD is not designed to operate in Gated mode, 

we have conducted photon counting experiments in Gated mode to characterize the 

intrinsic behaviors of the detector. Figure 3.15 shows the single photon detection 

efficiency versus the dark count rate in Gated mode at 260 K. As we can see, single 

photon detection efficiency in Gated mode have improved by 15-30 times at the same 

dark count rate, validating that single photon detection efficiency in free running mode 

are substantially limited by the excessive avalanche events triggered by dark carriers 

before the incidence of photons. In addition, unlike single photon detection efficiency in 

free running mode, single photon detection efficiency in Gated mode is proportional to 

the dark count rate without saturation. 
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Figure 3.15 Single photon detection efficiency versus the dark count rate in 
Gated mode at 260K. 

3.3.2.6 Zn Diffusion Planar Device 

Although mesa etching is a commonly used technique to fabricate an InGaAs/InP 

SPAD, it creates a lot of defects on the sidewall, leading to high leakage current and 

edge breakdown, greatly degrading the performance of the detectors. Especially, the 

etching of InGaAs absorption layer significantly affects the dark current and the reliability 

of the detector [5]. Planar structure fabrication through Zn diffusion to from the InP p+ 

contact, without facing the problem of etching, is therefore preferred to fabricate 

InGaAs/InP SPADs for better performance. Hence, for our design of self-quenching and 

self-recovering InGaAs/InAlAs/InP SPAD, the fabrication of the device with planar Zn 

diffusion technique is expected to improve the device performance substantially. 

Because the electric field profile and the thickness are defined by Zn diffusion, the 
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diffusion process is highly critical to achieve excellent device performance, adding 

complexity to the device fabrication. 

 

Figure 3.16 Single photon detection efficiency vs dark count rate of Zn diffused 
self-quenching and self-recovering InGaAs/InAlAs/InP SPAD in free running 
mode at 180K [3]. 

Using the same InGaAs/InAlAs/InP structure as the mesa etch device, self-

quenching and self-recovering SPADs have been fabricated by my colleague J. Cheng 

through Zn diffusion, exhibiting superior performance with high single photon detection 

efficiency and reduced dark count rate [3]. As we can see from Figure 3.16, in the free 

running mode, the peak single photon detection efficiency have improved by about two 

orders with the corresponding the dark count rate reduced by about five orders. The 

single photon detection efficiency peaks around dark count rate of 100 kHz, due to the 

long recovery time of the device. That is, at high dark count rate, the detection of 

photons is significantly impaired by previous avalanche events triggered by dark carriers.  

We can then deduce that the recovery time of the device is in the range of tens of us. 
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Figure 3.17 show the schematic experimental setup for measurement of recovery 

time, defined as the time for the single photon detection efficiency (SPDE) to recover to 

63% (=1-e-1) of its original level. Since external quantum efficiency is constant when the 

bias is well above the punch-through voltage, avalanche breakdown probability is 

proportional to SPDE, which is the product of the former two. On the other hand, when 

dark carriers released from previous avalanche events (afterpulsing effect) are neglected 

and thus dark carrier rate does not vary with time, dark counts are proportional to 

avalanche breakdown probability. Hence, recovery time can be measured from the 

histogram of dark counts versus time, such as the histogram shown in Figure 3.18. In 

the experiment, the pulse counter is set up to be triggered by a dark pulse to start 

registering counts, making sure the starting point of the histogram immediately follows 

an avalanche pulse. Right after the avalanche pulse, dark count rate drops dramatically 

to nearly zero (Figure 3.18), since the electric field in the multiplication region is lowered 

down to be below the breakdown field to self-quench the pulse. As the trapped electrons 

escape from the TCB energy barriers, the electric field in the multiplication layer increase 

and therefore dark count rate restores. As shown in Figure 3.18, exponential function fits 

well with the dark count rate versus time histogram, providing a practical way to measure 

the recovery time of self-quenching and self-recovering SPADs. 
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Figure 3.17 Schematic experiment setup for measurement of recovery time. 

 

Figure 3.18 Histogram of count rate versus time and fitting with exponential 
function. 

Figure 3.19 shows the measured recovery time versus applied bias at 180 K.  As 

we can see, the recovery time is in the range of 5-35 us, verifying the estimation of the 
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recovery time from the SPDE vs DCR plot. As the applied increases, the recovery time 

decreases, suggesting that higher electric field facilitate the escape of the trapped 

electrons from the TCB energy barrier and shortens the escape time. 

 

Figure 3.19 Measured recovery time versus applied bias at 180K [3]. 
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Chapter 4: Physics of self-quenching and self-recovering SPADs 

4.1 Introduction 

Unlike conventional avalanche photodetectors which are designed to operate in 

the linear mode, SPADs must operate in the so-called Geiger mode to achieve single 

photon sensitivity, in which they are biased above the breakdown voltage so that the DC 

gain reaches infinity. Under such bias condition, it takes only a single photo-generated 

carrier to trigger avalanche in the device multiplication region and produce a detectable 

electrical signal. Due to the infinite gain of the device, the single-photon response of the 

device has to be quenched immediately after the single photon is detected to prevent 

device damage. There are multiple methods to rapidly quench a SPAD, all based on the 

same underlining principle of lowering the magnitude of the electric field in the 

multiplication region below the breakdown field. After the avalanche is quenched, the 

SPAD is unable to detect single photons until the electric field in the multiplication region 

returns to the original value above breakdown. The time duration when the SPAD 

temporarily loses its single-photon detection capability is called “recovery time” or “dead 

time”. Quenching circuits, therefore, are required to possess both quenching and 

recovery capabilities. Gated quenching circuit, sending a series of pulses on top of the 

DC bias to bring the total detector bias above its breakdown voltage during the pulse 

duration, is one of the most commonly used circuits. However, gated quenching is only 

suitable for applications where the arrival time of photons is known. For applications 

where the photon arrival time is unknown or uncertain, SPADs must operate in free 

running mode, which requires external passive or active quenching circuits. A passive 

quenching circuit mainly consists of a resistor of proper value in series with the SPAD. 

The rising avalanche current yields an increasing voltage drop across the load resistor,
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 thus reducing the voltage drop across the SPAD to the extent that the SPAD is biased 

below the breakdown voltage. Due to the large resistor value (e.g. MΩs), passive 

quenching circuit suffers from long RC delay during the recovery process, hence active 

quenching is often a more attractive choice. Active quenching circuit consists of a 

comparator circuit and a feedback loop. The circuit senses the rise of avalanche current 

and lowers the voltage on the SPAD (i.e. quenching) and then recharges the SPAD 

(recovering) afterwards. For active quenching, the quenching time, which determines the 

Geiger-mode gain and the avalanche current, is the sum of the circulation time in the 

feedback loop and the rise time of the quenching pulse; and the recovery time is mainly 

determined by the adjustable hold-off time. Owing to the advanced silicon integrated 

circuit technology, external quenching circuits can be easily integrated with silicon 

SPADs without introducing much complexity to device fabrication, although at the 

expense of fill factor defined as the ratio of the photosensitive area of the SPAD and the 

entire pixel area. However, for III-V based SPADs, integrating external quenching 

circuits with SPADs substantially increases the complexity of the device fabrication and 

the cost, especially for array detectors where each individual detector requires an 

external quenching circuit.  

Therefore, instead of relying on external quenching circuits, it is desirable for III-V 

based SPADs operating in the free running mode to have a built-in mechanism to 

quench and recover the devices, namely the “self-quenching” and “self-recovering” 

capabilities. In the past, we have demonstrated that by introducing an energy barrier and 

a Transient Carrier Buffer (TCB) region next to the avalanche multiplication region, the 

transport of the carriers (electrons or holes depending on the device design) can be 

tentatively hindered by the energy barrier, causing a redistribution of the voltage drop 

across the avalanche multiple region and the TCB region and subsequently quenching 
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the avalanche pulse [1]-[3]. This process is called ‘self-quenching” since quenching 

occurs without any external quenching circuits. After the avalanche current pulse is 

quenched, these tentatively stopped carriers escape the energy barrier to restore the 

electric field in the multiplication region to its original level. Then the detector is self-

recovered, ready for detection of single photons. This device concept can be generally 

applied to all kinds of compound semiconductor where the alloys can form a 

heterointerface with a proper conduction band or valence band offset as energy barriers 

for the carriers. For InGaAs-based SPADs, lattice-matched InxGa1-xAsyP1-y or Inx(GaAl)1-

xAs compounds can form heterointerfaces with InP; and the barrier height can be 

adjusted over a wide range by choosing the compositions of the compounds. Therefore, 

the material system offers practical solutions for implementation of self-quenching and 

self-recovering SPADs. However, given the complicated carrier dynamics and the fact 

that SPADs operate above the breakdown voltage, there have been no physical models 

to quantitatively describe the device behaviors. Here, we develop the first physical model 

for self-quenching and self-recovering SPADs taking into account two primary 

mechanisms responsible for the escape of carriers from the energy barrier at the 

heterointerface: thermionic emission and tunneling. Without losing the generality, in the 

analysis we use the conduction band offset of an InAlAs/InP heterointerface to 

tentatively stop the transport of electrons. The model is general enough to accommodate 

for other designs of heterointerface by inputting different material parameters. The 

analytical model also simulates the Geiger-mode gain based on the local-field 

approximation and shows the dependence of device behaviors on the temperature, 

device bias, energy barrier height, and the dosage of the charge layer. 

Finally, as we design SPADs for certain values of self-recovering time, the effect 

of afterpulsing should also be considered. Afterpulsing refers to the false counts due to 
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release of carriers trapped in the deep levels during the previous avalanche events. 

Afterpulsing imposes a limit on the count rate of SPADs. Although short recovery time is 

desired for high frequency operation of SPADs, the recovery time should be long enough 

such that the majority of trapped carriers in the deep levels from the previous avalanche 

events have been released before SPADs are recovered [4]-[7]. Because afterpulsing is 

related to the concentration and nature of the material defects in an SPAD, we do not 

include the phenomenon in our model, other than reminding readers of the necessity for 

having the recovery time significantly longer than the carrier detrap time that can be 

acquired experimentally. 

4.2 Analytical Model for Self-quenching and Self-recovering SPADs 

4.2.1 Tunneling Probability 

In this section, we derive the probability of electron tunneling through a TCB 

energy barrier.  Figure 4.1 shows the schematic sketch of electron tunneling and the 

schematic band diagram of the TCB layer and the InP multiplication layer.  

From the WKB approximation, the tunneling probability is given by 

2

1

0
exp[ 2 ( ) ]              (4.1)

x

x
P k x dx

=
≈ − ∫  

where ( )k x  is the wave vector in the tunneling direction (transverse direction). 
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 Figure 4.1. Schematic sketch of electron tunneling and band diagram of the 
TCB layer and the InP multiplication layer. 

 
The conduction band of TCB c-TCBE is given by 

c-TCB c-TCB TCB( ) (0)            (4.2)E x E q x= + Ε  

where TCBΕ  is the magnitude (positive value) of the electric field in the TCB region.  

Due to the conduction band offset ( cE∆ ) between the TCB layer and the InP 

multiplication layer at the interface (x=x2=0), the conduction band of the InP the interface 

is given by 

c-InP c-TCB(0) (0)              (4.3)cE E E= − ∆  

 X2=0 
 Ex                      InP 

x 

TCB 

 X1 
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Let’s define xE  as the electron energy in the transverse component (x direction) 

above the conduction band of InP at the interface ( c-InP (0)E ), namely,  

( 0) 0             (4.4)xE x = =  

The wave vector at x is then given by 

c-TCB c-InP TCB2 2

2 2
( ) [ ( ) ( (0) )] [ ]             (4.5)eff eff

x c x

m m
k x E x E E E q x E= − + = ∆ + Ε −

ℏ ℏ
 

where effm  is the electron effective mass and ℏ  is the reduced Planck constant or Dirac 

constant. 

At x=x2=0, the interface between TCB and InP, the energy barrier that the 

electron experience is given by  

1( 0)              (4.6)c x c xE x E E E= − = ∆ −  

After tunneling, at 1x x=  

1 1( ) 0             (4.7)c xE x x E= − =  

Therefore, the tunneling probability is given by 

2

1

1

0

TCB2

3/ 2 2
TCB

TCB

3/ 2

TCB

2
( ) exp[ 2 ( ) ]

4 2
exp[ ( ) ]

3

4 2
exp( ( ) )             (4.8)

3

x eff
x c xx

eff x
c x x

eff

c x

m
P E E q x E dx

m
E q x E

q

m
E E

q

=
≈ − ∆ + Ε −

= − ∆ + Ε −
Ε

= − ∆ −
Ε

∫
ℏ

ℏ

ℏ

 

4.2.2 Tunneling and Thermionic Emission Current Density 
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In this section, we derive the current density contributed by tunneling and 

thermionic emission of trapped electrons through the TCB barrier, i.e., the tunneling 

current and the thermionic current.  

In the momentum space, the density of states is given by 

3 3

(2 )
( , , ) 2 2        (4.9)x y z x

x y z x y z

dp dp dp dp p dp
g p p p dp dp dp

h h

π ⊥ ⊥⋅⋅ = =  

Define the conduction band edge of the InP at the interface (x=0) as the origin for 

electron energy ( c-InP ( 0) 0E x = = ) and using parabolic approximation near the 

conduction band minima, the electron energy is given by 

2 2 2 2 2 2( )
       (4.10)

2 2
x y z eff x y z

x y z
eff

p p p m v v v
E E E E

m

+ + + +
= + + = =  

Note that, 

      (4.11)
2

2       (4.12)
2
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dp dE

E
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p dp m E dE m dE
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⊥

=

= =
 

Thus, in the electron energy space, the density of states is given by 

3

3

(2 )
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The escaping current density due to tunneling or thermionic emission (different 

range for transverse component of electron energy xE ), is given by integration of the 

following expression 

Escape InP TCB( ) ( )[1 ( )] ( , , )     (4.14)x x x y z x y zdJ qP E v f E f E g E E E dE dE dE= −  

where the velocity in the x direction is given by 

2
   (4.15)x

x
eff

E
v

m
=

 

while InP ( )f E  and TCB ( )f E  are the Fermi-Dirac distribution in InP and TCB, 

respectively. Since  

TCB ( ) 1   (4.16)f E <<  

we have 

Escape InP

InP 3

InP3

( ) ( ) ( , , )

2
2

2
( ) ( )

4
( ) ( )    (4.17)

x x x y z x y z

eff
eff

xx
x x

eff

eff
x x

dJ qP E v f E g E E E dE dE dE

m
m

EE
qP E f E dE dE

m h

m q
P E f E dE dE

h

π

π

⊥

⊥

≈

=

=

 

For a trapped electron to surmount the energy barrier through thermionic 

emission, the transverse energy component of the electron is required to be higher than 
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the conduction band offset. In addition, the tunneling probability for thermionic emission 

is nearly unity. Therefore, the thermionic current density is given by 

Thermionic InP3
0

4
( )    (4.18)

c

eff
x

E

m q
J dE f E dE

h

π ∞ ∞

⊥
∆

= ∫ ∫  

where the Fermi-Dirac distribution for the electrons is given by 

InP
fn-InP

1
( )    (4.19)

1 exp( )x
f E

E E E

kT
⊥

= + −+  

where ( fn-InPE ) is the electron quasi-fermi level on the InP side at the heterointerface of 

TCB and InP. 

With Boltzmann approximation, 

fn-InP
InP ( ) exp( )   (4.20)xE E E

f E
kT
⊥+ −−≃

 

Thermionic current density is then represented by 
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On the other hand, for a trapped electron to escape the energy barrier through 

tunneling, the transverse energy component of the electron is required to be lower than 

the conduction band offset, while the tunneling probability has been derived in the 

previous section. Hence, the tunneling current density is given by 

fn-InP
Tunneling 3

0 0

3 / 2fn-InP
3

0 0
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4 24
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cE

x
x

E
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kT

∆

−∫

 

4.2.3 Derivation of the Physics Model 

In this section, we mathematically formulate the dynamic characteristics of the 

device [9].  Figure 4.2 shows the device structure for the physics model. Note that both 

of the grading layers are neglected in the simulation.  

 
 

Figure 4.2. Device structure for the physics model. 
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trapped at the InAlAs/InP heterointerface and the depletion of the electrons in the n-InP 

charge layer, the electric field in the InP multiplication layer ( MΕ ) can be represented by 

M TCB     (4.23)CqDqσ
ε ε

Ε = Ε − +  

where q is the electron charge, ε is the permittivity (approximately constant throughout 

the detector), CD  is the dosage in the charge layer defined as the product of doping 

concentration and the width ( CW ) of the charge layer, and σ is the sheet concentration of 

the electrons accumulated at the barrier, given by 

exp( )    (4.24)fn
c

TCB

EkT
N

q kT
σ =

Ε  

where k  is the Boltzmann constant, T is the absolute temperature, cN  is the effective 

density of states in the conduction band and fnE is the electron quasi-Fermi level in the 

charge layer. 

Assuming the total reverse bias on the detector isV , we have: 

TCB M

TCB M     (4.25)
2 C

q

L W W V

σ
ε

Ε − + Ε
Ε ⋅ + ⋅ + Ε ⋅ =  

where L is the total width of the InGaAs absorption layer and the InAlAs TCB layer, and 

W is the width of the InP multiplication layer.  

Within the TCB layer, the total current density is the sum of the displacement 

current density and the electron current density contributed by the trapped electrons 

escaping from the barrier to the TCB layer 
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TCB
Total Escape

( )
( ) ( )    (4.26)

d
J t J t

dt
ε Ε= +  

where Escape ( )J t  is the escaping current density due to thermionic emission and 

tunneling. The thermionic emission and the tunneling current densities are derived in 

the previous section, given by, respectively 

Thermionic 3

4
( ) exp( ) exp( )    (4.27)eff fn cm qkT E E

J t kT
kT kTh

π
≈ −△

 

Tunneling 3
0

4
( ) exp( ) ( ) exp( )     (4.28)

CE
eff fn x

x x

m qkT E E
J t P E dE

kT kTh

π ∆

= ⋅ −∫  

where h  is the Planck’s constant, effm  is the electron effective mass,  is the 

conduction band offset between the InAlAs TCB layer and the InP multiplication layer, 

xE is the electron energy in the direction of transport and the tunneling probability ( )xP E  

is given by 

3 / 2

TCB

8 2
( ) exp[ ( ) ]    (4.29)

3
eff

x C x

m
P E E E

q h

π
= − ∆ −

Ε  

In the InP multiplication region, the impact ionization rates of electrons ( nα ) and 

holes ( pβ ) in the multiplication layer are given by (4.30) and (4.31) according to the local 

field approximation [8]: 

( ) exp( )     (4.30)nmn
n M o

M

c
Eα α= −

Ε  
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( ) exp( )     (4.31)pmp
p M o

M

c
Eβ β= −

Ε  

From the continuity equation for electrons and holes: 

( , )
( , )     (4.32)n n

n x t d
e J x t q G

t dx

∂− = − − ⋅
∂  

( , )
( , )     (4.33)p p

p x t d
e J x t q G

t dx

∂ = − + ⋅
∂  

where nG and pG  are the hole and electron generation rate through impaction ionization, 

given by 

( ) ( , ) ( ) ( , )    (4.34)n p p M p n M nG G E J x t E J x tβ α= = +  

Assuming that both electrons and holes are traveling at their saturation velocities 

nv and pv , we have 

( , )1
( , ) ( ) ( , ) ( ) ( , )    (4.35)n

n p M p n M n
n

J x t
J x t E J x t E J x t

v t x
β α∂ ∂− = +

∂ ∂  

( , )1
( , ) ( ) ( , ) ( ) ( , )    (4.36)p

p p M p n M n
p

J x t
J x t E J x t E J x t

v t x
β α

∂ ∂+ = +
∂ ∂  

In addition, the total current density in the multiplication region is the sum of the 

displacement current density, the hole current density and the electron current density, 

given by 
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Total ( ) ( , ) ( , )    (4.37)M
p n

dE
J t J x t J x t

dt
ε= + +  

From (4.35)-(4.37), we have 

( )
( )

2
Total

2

1
(0, ) ( , )

( )

( )1 1
[ ( ) ( ) ( ) ]    (4.38)

M
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A E W
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p n p n

e
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A E

dJ t dE d E
E J t E
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β εβ ε

−− =

× − − +
+ +

 

where                

( ) ( ) ( )    (4.39)M p M n MA E E Eβ α= −  

When a single photon is absorbed to produce an e-h pair at 0t t= and the photo-

excited hole enters the multiplication layer to trigger avalanche, an instantaneous hole 

current density arises at the boundary ( 0x = ) of the multiplication layer 

0(0, ) ( )    (4.40)p

q
J t t t

S
δ= −

 

where S is the area of the detector and δ  is the delta function. 

On the other hand, the electron current density at the other boundary ( x W= ) of 

the multiplication layer is given by 

( , ) 0    (4.41)nJ W t =
 

From (4.26) and (4.37)-(4.41), we have 
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By solving (4.42) numerically, we can simulate the dynamic characteristics of the 

self-quenching and self-recovering SPAD under different conditions. 

4.3 Results and Discussions 

 In this section, we present and discuss the simulation results from the analytical 

model [9]. Figure 4.3 shows the simulation results of the effects of self-quenching and 

self-recovery at 300K at 5% overbias. In Figure 4.3(a), the total output current density in 

response to a single photon at t=1 ns and the second single photon at t=10 ns is 

simulated. The first single photon input at t=1 ns generates a significant electrical signal, 

which is quenched rapidly due to the aforementioned mechanism. Note that the device 

response to the second photon arriving 9 ns after the first photon is much smaller than 

the response to the first photon, an indication that the device is not recovered yet.  

Figure 4.3(b) shows the same calculations except that the second photon arrives at a 

later time (i.e. t= 20 ns). As a result, the electrical signal generated by the second photon 

is only slightly smaller than the signal by the first photon, suggesting that the device is 
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almost recovered. Being more quantitative, we calculate the Geiger-mode gain of the 

first and second signal and find that the Geiger-mode gain of the second signal is 71% of 

the first signal, meaning that the device is 71% recovered after 19ns, the time interval 

between the first and second photon in Figure 4.3(b). 

 

 

Figure 4.3. Simulated output signal (current density) of the SPAD at 300 K at 
5% overbias under single photon inputs at (a) 1 ns and 10 ns, and (b) 1 ns and 
20 ns.   

In Figure 4.4 and Figure 4.5, the self-recovery time considering both the 

tunneling and thermionic emission mechanisms are simulated and compared with the 

experimental data. In simulation, the recovery time is defined as the time for the Geiger-

mode gain to recover to 63% of its original level. In experiment, the recovery time is 

defined as the time for the single photon detection efficiency (SPDE) to recover to 63% 

of its original level [2], [3]. The results are shown at different temperature (Figure 4.4) 

and different values of overbias (Figure 4.5). Overbias is defined as the excess bias 

voltage above the breakdown voltage. In practice, most SPADs operate between 1-10% 
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overbias due to the tradeoff between single photon detection efficiency and dark count 

rate. For an ideal detector with uniform electric field across the detector area, single 

photon detection efficiency is the product of the external quantum efficiency and the 

avalanche breakdown probability. For a properly designed device, the external quantum 

efficiency is mainly dependent on the thickness and the absorption coefficient of the 

absorption layer and can be treated as a constant for our purpose; while the avalanche 

breakdown probability is dependent on the electric field in the multiplication layer. During 

the recovery process of the detector, as the electric field in the multiplication layer 

increases, the recovery of the avalanche breakdown probability in experiment is 

equivalent to the recovery of the Geiger-mode gain in simulation. As shown in Figure 4.4 

and Figure 4.5, the simulated values of the recovery time agree well with the 

experimental results, validating the mathematical formulation and the underlining physics 

that temporary carrier accumulation at the energy barrier is responsible for self-

quenching, while thermionic emission and tunneling are responsible for carrier escape 

from the barrier to cause self-recovery.   

 

 

Figure 4.4. Simulated and measured temperature dependence of the self-
recovery time at 5% overbias. 



85 

 

 

 

 

 

 

Figure 4.5. Simulated and measured dependence of self-recovery time on the 
amount of overbias percentage at 220K. 

 

We can see from Figure 4.4 that, as the temperature increases, the recovery 

time from both simulation and experiment reduces drastically, suggesting that thermal 

energy help the trapped carriers escape from the energy barrier. Since the dark count 

rate also increases with temperature, there is a trade-off between the recovery time and 

the dark count rate when operating the detector at different temperature. To reduce the 

dark count rate to an acceptable level, InGaAs/InP SPADs often operate between 200 K 

and 260 K. On the other hand, from Figure 4.5, as the device bias increases, the 

recovery time obtained from both simulation and experiment decreases, signifying that a 

higher electric field aids the escape of the trapped carriers from the energy barrier. At 

the same time, both the single photon detection efficiency and the dark count rate are 

known to increase with the device bias as well. Hence, there is also a trade-off between 

the recovery time and the dark count rate at different device bias. Note that the recovery 

time from experiment shows a stronger dependence on the device bias than the 
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simulation results, particularly in the low overbias (e.g. < 3%) regime. This is mainly due 

to the non-uniformity of the detector limited by our device fabrication process.  

 

 

Figure 4.6. At 220 K and 5% of overbias, simulated dependence of (a) recovery 
time and (b) electric field in the TCB region ( TCBE ) on the dosage of charge layer. 
The curves (a) and (b) show the strong effect of the E-field in the TCB region on 
the self-recovery time. 

 

 Figure 4.6 shows the dependence of recovery time on the dosage of the charge 

layer at 220 K and 5% overbias. Like all avalanche photodetectors with SAM structure, 

the purpose of the charge layer is to tailor the electric field between the multiplication 

region and the absorption layer. The low-bandgap absorption layer (e.g. InGaAs) 

requires low E-field (< 100 kV/cm) to avoid tunneling breakdown that can dramatically 

increase the dark count rate.  On the other hand, the E-field in the multiplication layer 

needs to be high (e.g. > 450 kV/cm) to achieve high gain, particularly for Geiger-mode 

SPADs to achieve single-photon sensitivity. By controlling the dosage of the charge 

layer, one can properly divide the E-field between these two regions. Note that for our 
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design, the TCB layer experiences the same E-field as the absorption layer. Here we 

show that the dosage of the charge layer can also significantly affect the device recovery 

time. According to Figure 4.6, changing the dosage in the charge layer by as small as 

10% can vary the E-field in the TCB region by almost four times, and subsequently 

cause the change of the recovery time by more than one order of magnitude. Therefore, 

the effect of dosage in the charge layer requires special attention when a self-quenching 

and self-recovering SPAD is designed. 

Figures 4.7-4.9 show the contributions of tunneling and thermionic emission to 

the recovery time under different temperature, percentage of overbias, and the amount 

of dosage in the charge layer. Note that when both thermionic emission and tunneling 

mechanisms are considered, the simulated net recovery time follows (4.43). 

Both Tunneling Thermionic

1 1 1
     (4.43)

T T T
= +

 

From Figure 4.7, although the recovery time calculated from each individual 

mechanism decreases with increasing temperature, thermionic emission shows slightly 

stronger temperature dependence than tunneling. On the other hand, from Figure 4.8 

and Figure 4.9, although the recovery time from each individual mechanism decrease 

with increasing overbias and reduced dosage in the charge layer, the recovery time due 

to tunneling is substantially more sensitive to both parameters: overbias and dosage in 

the charge layer. This is because both factors alter the electric field in the TCB region to 

which carrier tunneling is particularly sensitive.  
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Figure 4.7. Calculated dependence of recovery time on temperature 
considering carrier tunneling (circles) and thermionic emission (squares) at 5% 
of overbias. 

 

 

 

Figure 4.8. Calculated dependence of recovery time on the amount of overbias 
considering tunneling (circles) and thermionic emission (squares) at 220 K. 
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Figure 4.9. Calculated dependence of recovery time on the dosage in the 
charge layer considering tunneling (circles) and thermionic emission (squares) 
at 220 K  and 5% overbias. 

 

Not surprisingly, the most effective way to adjust the recovery time is by 

changing the height of energy barrier using bandgap engineering. This method is highly 

effective as both the rate of thermionic emission and the rate of tunneling are sensitive to 

the height of energy barrier.  Figure 4.10 shows the barrier height dependence of the 

self-recovery time at 220K and 5% overbias. As the barrier height decreases, the 

recovery time decreases exponentially, signifying that lowering the energy barrier height 

facilities the escape of the accumulated electrons through tunneling and thermionic 

emission. 
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Figure 4.10.  Barrier height dependence of recovery time at 220 K and 5% 
overbias. 

4.4 Conclusions 

III-V SPADs with self-quenching and self-recovering capabilities are particularly 

attractive to array devices because they can operate without external quenching circuits. 

Although such devices have been demonstrated using the technique of bandgap 

engineering, there exists no device model that can quantitatively describe the device 

behaviors and depict how the device properties depend on the detailed device structure 

and operation conditions.  We have developed a physical model for this unmet need.  

The model contains no fitting parameters and uses thermionic emission and tunneling 

effects to model the carrier transport responsible for the self-recovering process.  The 

calculated results agree well with the experimental data. We have shown that the self-

recovery time is reduced with increasing temperature, the magnitude of overbias, the 

dosage in the charge layer, and the barrier height. In addition, thermionic emission 

shows a stronger dependence on temperature and a weaker dependence on device bias 
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and charge layer dosage than tunneling.  The model provides an effective tool to design 

and optimize SPADs with self-quenching and self-recovering characteristics. 
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Appendix: Matlab code for numerical simulation of the physics Model 
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