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Single photon detector is the key component in many applications. Extensive 

research has been focused on developing novel Single Photon Avalanche Detectors 

(SPADs) to improve the device performance. This dissertation presents the first III-V 

single photon avalanche detector with built-in negative feedback mechanism. This new 

type of device has several advantageous features compared to the conventional III-V 

SPADs. The development of such devices has evolved from the InGaAs MOS-SPADs to 

the InGaAs Transient Carrier Buffer (TCB) SPADs.  
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In general, to detect single photons, a conventional Geiger mode APD is biased 

above its breakdown voltage and an external quenching circuit or gated mode operation 

is required to prevent the device from thermal run-away. Benefiting from the negative 

feedback, the prototype device of the InGaAs TCB SPADs has successfully 

demonstrated the true free-running single photon detection at 1.55um wavelength 

without using any external quenching circuit or gated mode operation. This could 

greatly simplify the complexity of the SPAD supporting circuit and be especially 

beneficial for the applications for which large scale single photon array detector is 

required. The prototype device also has demonstrated a record low excess noise factor 

of 1.001 at a gain of 106. With such low excess noise, this type of devices becomes also 

promising for photon number resolving applications.  

This dissertation also provides a physical model to describe the self-quenching 

and self-recovering process of the InGaAs TCB SPADs. The model couples the negative 

feedback mechanism with the impact ionization process and has the capability to 

simulate the key device characteristics even when the device is biased above its 

breakdown condition, where most commercial device simulators have failed to 

simulate.  

Lastly, this dissertation describes a frequency up-conversion scheme based on the 

hot-carrier radiative recombination in the multiplication region of InGaAs TCB SPADs. 

Preliminary experimental results suggest this new method could be potentially used for 

near infrared single photon imagers with high resolution. 
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Chapter1. Introduction 

1.1. Background Review 

A photon, the very basic particle of light plays an important role as the 

information carrier in many communication scenarios. For example, for long haul 

telecommunication, photons carrying information propagate through optical fibers and 

transport it to the receiver ends at different locations hundreds of miles away[1, 2]. On 

the receiver end of a communication link, photodetectors are used to receive the signal 

and thus to retrieve the information carried by the light. In general, a photodetector is a 

device that converts an optical signal to a measurable electrical signal. The sensitivity 

of a photodetector is a measure that can be used to define the minimum detectable 

optical power needed for the photodetector to achieve certain Signal to Noise Ratio 

(SNR) or, in a digital transmission system, Bit Error Ratio (BER)[3]. As the 

technology is advancing, the performance of photodetectors with high performance, 

especially with high sensitivity, is becoming increasingly stringent. Eventually, 

detecting light signal with extremely low intensity down to single photon level 

becomes critical in many applications such as Quantum Key Distribution (QDK)[4, 5], 

Optical Time Domain Reflectometry (OTFR)[6], Deep Space Communication (DSC), 

Laser Detection Ranging or Laser Radar (Ladar)[7] and Bio-imaging[8].  
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1.2. Single Photon Detectors 

Single photon detectors are a group of devices that are specifically designed and 

built to detect light signals with extremely low intensity down to single photon levels. 

In general, a single photon detector should have the following properties: high 

detection efficiency, fine timing resolution, low false count and low excess noise. 

Even though there are many other considerations, the above mentioned are of most 

importance in most applications. Detection efficiency is a measure to determine the 

possibility of detecting a single photon level signal by the detector[9]. False counts are 

the undesired signals that are triggered by excitations other than the incoming single 

photon signals and it is a common problem for all single photon detectors. False 

counts can be attributed to many sources such as thermally generated charge carriers, 

high energy radiation particles from the environment, leakage current, etc[10]. Excess 

noise describes the quality of signals from a single photon detector[9, 11, 12]. Ideally, 

the signals from a single photon detector should have the same shape when they are all 

triggered by the same number of photons, i.e., the internal gain of an ideal single 

photon detector should be constant. However, in reality, there are always variations or 

fluctuations among the signals even when they are triggered by the same number of 

photons under the same operation conditions. This fluctuation is attributed to the 

excess noise and can be quantified by the excess noise factor 2 21 /F M M= + < ∆ > < > , 

where M is the multiplication gain, the excess noise has a great impact on device 
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performance especially for those applications that require photon number resolving 

capability. 

Over the past few decades, researchers have developed several different single 

photon detectors for different applications. Based on different technologies or physical 

mechanisms, those single photon detectors can be roughly grouped into three 

categories: Photon Multiplier Tubes (PMTs)[10, 13, 14] , superconducting nano-wire 

detectors[15, 16], and Single Photon Avalanche Detectors (SPADs) [11, 17, 18]. Each 

of them has demonstrated certain advantages over others. However, in the same time, 

they all have their own intrinsic “weaknesses”. In the following sections, we will give 

a comprehensive review on those detectors regarding their principle of operation, 

advantages and the intrinsic limitations.   

1.2.1. Photon Multiplier Tubes (PMTs) 

Photon Multiplier Tube was first developed in 1940s[10]. Even though nowadays 

more attention has been drawn to SPADs, PMTs are still being widely used for many 

applications. In general, the operational principle of PMTs is based on two 

fundamental physical phenomena: photoelectron emission and secondary electron 

emission. The photoelectron emission process can be described as follows. First, 

photons are absorbed by the photocathode material and transfer part of this energy to 

electrons. After gaining energy from photons, the electrons diffuse through the 

photocathode material and escape from the material into vacuum.  During the 

photoemission process, photons are converted to primary electrons.  In the secondary 
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electron emission process, the primary electrons play the part of the photons in the 

photoemission. First, the primary electrons are captured by the material of dynode and 

transfer part of their energy to other electrons in the dynode material[19]. Then 

energized electrons diffuse through the dynode material and reach the material surface. 

Finally, these electrons escape from the material with sufficient excess energy so that 

during the secondary electron emission process, the number of the primary electrons is 

multiplied.  

A basic structure of a PMT is shown in figure 1.1[10]. It is constructed from a 

glass vacuum tube which has a photocathode, a series of dynodes and an anode built 

inside.  The photocathode usually consists of materials with very low work function 

such as alkali metals and compound semiconductors[10], and is negatively biased so 

that when incident photons strike the surface of the photocathode, electrons will be 

released to vacuum as a result of the photoelectron emission. The electrical field in the 

tube is designed so that these photo-electrons after they are released from the 

photocathode will be guided to a region called electron multiplier. The electron 

multiplier consists of a series of positively biased electrodes, or dynodes. Each dynode 

is biased at a more positive voltage than its previous dynode. During the travel from 

the cathode to the first dynode, the primary electrons gain kinetic energy from the 

electrical field. As they hit the first dynode surface with much greater energy, more 

electrons with low energy will be released as a result of secondary electron emission 

and in turn will be accelerated to the next dynode by the electrical field in between the 

two dynodes. So as one can see, every time when the electrons travel from one dynode 
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to its next dynode, the number of electrons will be multiplied. When the number of the 

electrons becomes enormously huge, those electrons reach the anode and produce a 

sharp current pulse. During this multiplication process, gain can be defined as the ratio 

of the number of electrons that finally reach the anode to the number of the primary 

photo-electrons. /anode pM N N= . The gain of PMTs is strongly dependent on the 

anode bias. When a PMT is under a high biased of ~ 1000volts to 2000volts, gains of 

~107 to 108 can be achieved[10]. With such high internal gain, the device has the 

sensitivity to detect single photons. 

 
               (a) (b) 

Figure 1.1. (a) Elements of a photomultiplier based on the world’s first fast PMT, 56AVP, 
introduced by Philips (now Photonis) in 1956  (b) Photocathode band models and the photoelectron 

emission process[10]. 
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PMTs as single photon detectors have demonstrated several advantages  

compared to other existing technologies. PMTs can offer a very large detection area 

with good uniformity. The photo-cathodes normally used in PMTs are made of 

deposited photo emissive material such as alkali metals or III-V compound 

semiconductors[10]. For opaque cathodes, the area is usually about a few square 

centimeters. For the semi-transparent cathodes, the active area can be from ten to a 

few hundred millimeters in diameter. The uniformity of PMTs is determined by the 

uniformity of the photocathode together with the uniformity of the multiplier 

dynodes[10]. 

PMTs also can have very fast temporal response. The temporal response of PMTs 

is mainly determined by the transient time for photoelectrons emit from the 

photocathode to reach the anode after and as well as the transient time difference 

among the photoelectrons. The timing characteristic of PMTs is largely affected by the 

configuration of the dynode type. Typical pulse width of a linear focused PMT is 

around 1.3ns-5ns[10]. The transient time spread, which is sometimes called jitter, can 

be as short as 0.4ns for PMTs with properly designed dynodes[10]. 

Dark current measures a small current flowing through the device when the device 

is in an environment absent of light. For photon counting operation, dark current is the 

main source for fault counts Thus it should be minimized. The main causes for the 

dark current in PMTs are listed as following[10]: 

 Thermionic emission current from photocathode and dynodes 

 Leakage current between anode to other electrodes. 
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 Ionization current from the residual gases 

 Field emission current 

 High energy particle radiations from environment such as cosmic rays, gamma 

rays. 

The dark current in PMTs increases as the anode bias increases. So usually a 

trade-off between detection efficiency and dark current needs to be made by choosing 

the anode bias properly. For PMTs, the dark current level is usually very low. At even 

room temperature, the dark count for a head-on bialkali PMT can be controlled below 

100 counts per second[10].  

Due to the multiplication mechanism in PMTs, in general, the process only occurs 

one way.The excess noise introduced by the multiplication can be very small 

compared to most SPADs which will be discussed later. This allows PMTs capable of 

resolving photon number.  

PMTs can achieve satisfactory quantum efficiency for photons with relatively 

high energy. The typical quantum efficiency for visible light detection is about 

10%~20% for most PMTs. However the quantum efficiency of PMTs drops very fast 

once the photon wavelength gets into near infrared region. For 1550nm photon 

detection, the quantum efficiency of PMTs is usually less than 1%[10]. This very low 

quantum efficiency for near IR light detection is one of the major limitations of PMTs, 

especially since the wavelengths such as 1310nm and l550nm are the most commonly 

used wavelengths in telecommunication. Besides low quantum efficiency at near IR, 

PMTs also face other intrinsic problems such as very high operation bias (~1000volts 
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to 2000 volts) and large device volume. Because of these limitations of PMTs, 

development of new technologies for single photon detection becomes inevitable.  

1.2.2. Superconducting Single Photon Detectors (SSPD) 

Superconducting Single Photon Detectors are a new group of devices based on 

the superconductivity phenomenon. SSPDs are gaining a lot of research efforts in the 

single photon detection field. SSPD devices based on Niobium Nitride (NbN)[20, 21] 

and Niobium (Nb)[22] have been developed and demonstrated promising performance.  

SSPDs are usually in a form of nanowire (few nm thick and few hundred nm 

wide) patterned into a meander to achieve both high sensitivity and large detection 

area. To operate a SSPD, the device needs to be cooled below the superconducting 

transition temperature Tc and is current biased slightly under the critical current Ic. Tc 

is the temperature below which the material becomes superconducting and exhibits 

essentially no resistance. When there is a photon hitting the wire, it breaks a Cooper 

pair and generates a local hotspot. Because of the elevated temperature at the 

“hotspot”, current flowing though the wire is expelled from the hotspot and is 

squeezed to its sidewalks. If the wire width is sufficiently narrow compared to the 

hotspot area, the current density around the hotspot can be raised above its critical 

level. Thus the region around the hotspot transits to normal state, i.e. resistive. The 

increase of the wire total resistance can then be detected electrically as a voltage signal. 

Figure 1.2 shows a SEM picture of an NbN SSPD and a schematic diagram of its 

operation mechanism. 
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(a) 

  
(b) 

Figure 1.2 (a) SEM image of a NbN SSPD device [23]. (b) Schematic illustration of operation 
mechanism of SSPD[22]. 

Very promising device performance has been demonstrated recently by the NbN 

based SSPDs[15, 16, 20-23]. The dark count rate is usually very low for this type of 

detector due to the extremely low operation temperature around liquid helium 

temperature, 4.2 K.  The timing performance of SSPDs is mainly governed by the 

hotspot formation and diffusion process. Gigahertz operation has been demonstrated 

with very small jitter (~18 ps)[24].  
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The main limitation for SSPDs arises from the fact that the devices have to be 

operated below its superconducting transition temperature, Tc. For the NbN material, 

the transition temperature is ~10K[25]. Thus the device is usually operated at liquid 

helium temperature 4.2 K. Even though this helps to greatly reduce the dark count rate, 

for many applications, it would be just too “luxurious” to have such low operation 

temperature. Also fabrication of this kind of device still remains challenging due to the 

stringent process requirement for the superconducting film growth and the nano-

structure patterning. 

1.2.3. Single Photon Avalanche Detectors 

Since the 1980’s, tremendous research efforts have been devoted to develop high 

performance Single Photon Avalanche Detectors (SPADs)[11, 12, 26-33]. The 

fundamental physics behind the operation of Avalanche Photodetectors is impact 

ionization multiplication through which the primary photo generated carriers can be 

internally amplified[9]. This makes an avalanche detector suitable for detecting 

quickly varying, low intensity light signals.  

For single photon detection at visible wavelengths from ~600nm to 900nm, Si 

based SPADs with good performance have been developed and become commercially 

available[34]. Single photon detection efficiency more than 60% and dark count rate 

below 100 counts per second have been achieved[35]. However, for photon counting 

at near infrared wavelength such as 1310nm and 1550nm, the situation is no longer 

that easy. Germanium and III-V compound semiconductor based SPADs have been 
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extensively studied and have demonstrated reasonably good performance[26, 28, 30-

33]. For Ge SPADs, in order to have a reasonable dark count rate, the device needs to 

be cooled, usually with liquid nitrogen, to 77K. Also, the cut-off wavelength of Ge 

SPADs is around 1500nm, making them unsuitable for use as high-efficiency photon 

counters for 1550nm photons. On the other hand, For III-V compound semiconductor 

SPADs, because the photon absorption material InGaAs has a smaller bandgap energy 

of 0.73eV, the cutoff wavelength is extended to 1700nm. In recent years, more and 

more research efforts have been turned to develop III-V SPADs for near infrared 

photon counting and significant performance improvement has been achieved. Now, 

III-V InGaAs SPADs have been implemented in many applications such as optical 

metrology (optical time-domain reflectometry) in eye-safe range finding, and quantum 

technologies.  

1.3. Review of Single Photon Avalanche Detectors 

In this section, we will discuss in detail about the fundamental physics behind the 

SPADs and  we will also review  the advantages and issues that associate with these 

devices, especially the III-V compound semiconductor based SPADs. 
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1.3.1. What is Avalanche Photo Detector 

 
Figure 1.3. A schematic diagram of Seperate Absorption and Multiplication Structure (SAM) of  

III-V APDs. 

Figure 1.3 shows a schematic diagram of typical Separate Absorption and 

Multiplication (SAM) structure of III-V APDs[32]. The basic structure of an SAM 

APD contains two regions: photo absorption region and multiplication region. The 

photon absorption region absorbs incoming photons and converts them to electron-

hole pairs. Then the generated primary charge carriers travel to the multiplication 

region, which is usually formed by a p-n junction or a p-i-n junction. When a device is 

under reverse bias, a depletion region forms across the junction. Due to the space 

charge, high electrical field develops across the junction. When the primary charge 

carriers (electrons or holes) enter the multiplication region, they will be accelerated by 

the electrical field and gain kinetic energy. As the energy becomes high enough, the 

carriers transfer part of their energy to the lattice and excite new e/h pairs. Then, the 

newly generated e/h pairs will again gain energy from the electrical field and trigger 

more and more e/h pairs. As a result, the primary photo generated e/h pairs are 
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multiplied through the impact ionization process and the internal avalanche gain is 

produced.  

1.3.2. Photon Absorption 

When a photon flux enters semiconductor, mobile e/h pairs can be generated by 

either band to band transitions (intrinsic excitation) or by transitions involving 

forbidden-gap energy levels (extrinsic excitation). With well controlled growth 

processes, band to band transitions are usually the dominant mechanism attributing to 

the photo absorption process[36]. Figure 1.4 shows the photon absorption process in 

the direct band gap semiconductor GaAs and the indirect band gap semiconductor Si.  

 

Figure 1.4. (a) Photon absorption in a direct bandgap semiconductor. (b) Photon absorption in an 
indirect bandgap semiconductor[36].  

The light absorption property of a semiconductor is largely determined by the 

material band structure and especially the band gap energy. In order to excite an 

electron from the valence band to the conduction band, the incoming photon energy 

needs to be higher than the band-gap energy of the semiconductor. The long cutoff 
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wavelength can be estimated by the well known equation: max ( ) 1.24 / ( )gm E evλ µ = , 

where gE is the bandgap energy of semiconductor. 

 

Figure 1.5. Absorption coefficient (α ) vs. wavelength (λ ) for various semiconductors. 
(Data selectively collected and combined from various sources)[36]. 

In Figure 1.5, it shows the photon absorption coefficient vs. the light wavelength 

for different semiconductor materials. Because Si has relatively large band-gap energy 

of 1.13eV, the long cut off wavelength of Si is ~1.1um. For wavelength longer than 

1.1um, Si has very poor absorption property. On the other hand, the band-gap energy 

of In0.53Ga0.43As is ~0.74eV and the its long cut-off wavelength is extended up to 

1.7um. Since in this work we are interested in detecting single photons at 

telecommunication wavelength such as 1310nm and 1550nm, the devices to be 

discussed in this work are III-V compound semiconductor based. 
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1.3.3. Avalanche Multiplication 

For APDs, internal avalanche gain is generated through the impact ionization 

process or so called avalanche multiplication process. Figure 1.6 shows schematically 

the avalanche multiplcation process under two different senarios: (a) electron and hole 

have similar ionization coefficient so that both of them contribute to the ionization 

process. (b) Only one type of the charge carriers with much higher ionization 

coefficient contribute to avalanche process. When a free charge carrier enters the high 

field multiplication region, with certain probability, it initiates avalanche process, 

during which the primary carrier can be multiplied. Then at certain point, the 

ionization chain breaks as the last free carrier exits the multiplication region without 

exciting subsequent new e/h pairs due to statistical fluctuation of the impact ionization 

process. For an avalanche initiated by a single carrier, multiplication gain M is defined 

as the total number of e/h pairs generated during the multiplication process.  

 

Figure 1.6. Schematic illustration of Avalanche multiplication. (a) Both electron and hole take part 
in avalanche process. (b) Only one type of carrier (electron or hole) with higher ionization 

coefficient takes part in the avalanche process[11]. 
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Impact ionization coefficient is defined as an average number of e/h pairs initiated 

by a free carrier within an unit distance in electrical field E. In general, impact 

ionization rate of electron α  and impact ionization rate of hole β  can have very 

different values for different materials and the ionization coefficient has a profound 

impact on device performance such as the breakdown condition and the so called 

excess noise, which will be discussed later. The impact ionization coefficients are 

strongly dependant on the electrical field and semiconductor band structure. From 

early experimental results[11], the impact ionization rates have the following 

dependences. 

1) Impact ionization rate depends exponentially on the electric field E, 

( ) exp[ ( / ) ]nE A Eα ∝ − , where A is a constant, E is the electric field,  n is an 

empirical fitting parameter and n=2 for high field conditions and n=1 for low 

field conditions.  

2) The absolute value of α  exponentially decreases with the band-gap energy and 

the phonon scattering rate, 1/ pτ , i.e., /g pA E τ∝ . 

Various theoretical models have been developed for different conditions, such as 

high electric field, low electric field and intermediate electric field[37-39]. Among 

those models, Thornber’s model is of interest, since it is the first simple analytical 

expression of the ionization coefficient suitable for any field strength and band 

structure. The ionization rate can be expressed as 
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( ) exp
(1 / )

th

T po pa

EeEE
E E E E E

α
 

= − 
+ +  

  (1.1) 

Where E is the electric field, TE is the threshold energy of ionization, poE , paE  

and thE are the threshold field strengths to overcome the decelerating effect of optical 

phonon scattering, acoustic phonon scattering and impact ionization, respectively. 

The correct use of these models is based on the following assumptions: 

1) Impact ionization is local event, i.e., the ionization rate or probability only 

depends on the electrical field strength at the local point, where the ionization 

would happen and does not depend on the carrier history and electrical field 

gradient. 

2) The electrical field across the multiplication is in stead state and is not affected 

by the ionized e/h pairs.   

 

Figure 1.7. Electron and hole ionization rate of InP versus electrical field at 300K [40] 
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The definition of the avalanche gain is the number of ionization events that occur 

during the avalanche process initiated by a single charge carrier[11]. A simple 

expression of the average gain can be given by analysing the statistical regularities of 

the development of the two-part avalanche process [21]. 

(1 )

1
k

kM
e kδ− −

−
=

−
  (1.2) 

where /k β α= , 
0

( )
w

x dxδ α= ∫  

The avalanche gain can also be defined by considering the current flowing 

through the multiplication region, i.e., the gain equals the ratio between the multiplied 

current and the initial current or primary current. In steady state, the electron and hole 

current density can be expressed as a function of position. 

/ ( ) ( ) ( ) ( )

/ ( ) ( ) ( ) ( )

n p

n n p

p n p

J J J cons

dJ dx x J x x J x

dJ dx x J x x J x

α β

α β

= + =

= +

− = +

      (1.3) 

Or 

/ ( ( ) ( )) ( )
/ ( ( ) ( )) ( )

n n

p n

dJ dx x x J x J
dJ dx x x J x J

β α β
β α α

+ − =
− − =

     (1.4) 

For hole-initiated impact ionization, the boundary condition 

is ( ) (0)p pJ J W MJ= =  and the solution of Eq.6 can be given by 

0 0 0

1( ) ( ) exp ( ( ') ( ') ' / exp ( ( ') ( ') '
x x x

pJ x J x x x dx dx x x dx
M

α β α β α    = + − − − −        ∫ ∫ ∫
  (1.5) 
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The avalanche gain can be calculated as 

0 0 0

1
(0) exp ( ( ) ( ) ( )exp ( ( ') ( ') '

w w x
p

JM
J x x dx x x x dx dxβ α α β α

= =
   − − − − −      ∫ ∫ ∫

  (1.6) 

Similarly, for electron-initiated impact ionization, the gain can be given by 

0 0

1
( ) exp ( ( ) ( ) ( ) exp ( ( ') ( ') '

w w W
n

x

JM
J W x x dx x x x dx dxβ α β β α

= =
   − − −      ∫ ∫ ∫

   (1.7) 

From equation 1.6 and 1.7, one can see that the gain is a function of the 

multiplication width and the impact ionization rates. Since the impact ionization rates 

are determined by the local electrical field, essentially the avalanche gain is 

determined by the electrical field distribution across the multiplication region. 

Mathematically, the breakdown condition of an avalanche photodetector can be 

defined as the bias voltage at which the avalanche gain approaches to infinity, i.e., the 

denominator of equation 1.6 and 1.7 equals zero, i.e.,  

0 0
exp ( ( ) ( ) ( )exp ( ( ') ( ') ' 0

w w W

x
x x dx x x x dx dxβ α β β α   − − − =      ∫ ∫ ∫   (1.8) 

One should note that the breakdown condition for avalanche process is the same 

whether it is initiated by electrons or by holes. According to the ideal ionization theory, 

the multiplication gain can be calculated from equation 1.6 and 1.7. The breakdown 

condition can be calculated by equation 1.8. However, in practice, the electrical field 

distribution as well as the ionization rates is usually not known accurately enough so 

that modeling the avalanche process based on the above equations with sufficient 
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accuracy becomes difficult. For this reason, the avalanche gain and the breakdown 

conditions are usually determined experimentally. 

 

Figure 1.8. Breakdown condition versus doping concentration of InP abrupt p-n junction[41].  

1.3.4. Statistical Property Of Avalanche Multiplication 

From the above analysis, the average value of avalanche gain is derived by 

solving differential equations. However, the avalanche process in nature is a statistical 

process, i.e., the number of ionization events occured during one avalanche 

multiplication process can be very different from another even through the device 

operates at the same condition.  

To characterize the statistical behavior of avalanche process, the gain distribution 

function , ( )n n rP M+ is of great interest. It predicts the possibility that n initial carriers 
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will ionize r e/h pairs during the multiplication with an average gain of M. The 

distribution function has been derived in McIntyre’s paper [42].  

( ) /(1 )

,

(1 )
1 ( 1) 11( )

( ) !
1

r
n kr k r

n n r

n rn k
k M MkP M

n kr M Mn kr r
k

+ −

+

+ − Γ  + − −−     = ×   +     + Γ − 

  (1.9) 

Figure 1.9 illustrates the calculated probability function of gain M for silicon 

(k=0.033) in different conditions. As we can see, the gain has wide distribution for 

each case. When the avalanche is initiated by a single carrier, in most cases, the carrier 

transits the multiplication region causing only a few ionization events. However, there 

is low but certain probability that the carrier can trigger a high gain event, which 

contributes to the overall gain and makes the average gain high.  

 

Figure 1.9. The probability P that 1,5 and 20 carriers will result in gain M with average gain of 100 
(thick lines) and 500 (thin lines)[11] . 
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From the distribution function, one can further understand the avalanche process 

in terms of the statistical variations, i.e., the excess noise, which can be characterized 

by the excess noise factor 

2 2 2 2( ) / 1 /F M M M M M=< > < > = + < ∆ > < >   (1.10) 

Using McIntyre’s model, the excess noise factor can also be derived. 

21( ) 1 (1 ) MF M M k
M

 − = − −     
  (1.11) 

 

Figure 1.10. The calculated excess noise factor versus the average multiplication gain for different 
k values. The shadowed regions represent the noise factors for InP APDs and Si APDs, 

respectively[43]. 

Figure 1.10 illustrates the excess noise as a function of the average multiplication 

gain for different k values. As mentioned earlier, /k α β= is the ratio between the 

impact ionization rates of two types of carriers, i.e., electrons and holes, and it is 

assumed to be constant throughout the multiplication region. For a given k value or a 
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given material, the noise factor increases with the increasing of gain in a super-linear 

fashion. This can be understood by the fact that for the higher gain situation, the 

avalanche multiplication process becomes more violent, thus, the statistical fluctuation 

of gain becomes much more severe.  

The noise factor also strongly depends on the k factor. For a given gain level, the 

higher k factor results in higher noise factor. This can be understood by considering 

two extreme cases illustrated in Figure 1.6. When the k value approaches zero, i.e., the 

ionization coefficient of one type of carrier, say electron is much much greater than 

the other (hole). In this case, the avalanche multiplication process is mainly 

contributed by ionization events triggered by the charge carrier with higher ionization 

coefficient. The avalanche process is more like a one-way process, i.e., as they travel 

through the multiplication region, along their path, the electrons will excite more e/h 

pairs, while holes will just leave the multiplication region without triggering any 

ionization events.  The avalanche process terminates when all the electrons leave the 

multiplication region. The avalanche process, in this case, is more predictable or 

deterministic. The gain fluctuation becomes a relatively insignificant perturbation. On 

the other hand, when the k value approaches one, i.e., the electron and hole have the 

similar ionization coefficient. One can imagine, in this case, when an e/h pair is 

generated, both electrons and holes will have the same capability to trigger more 

impact ionization events. The avalanche multiplication process becomes a positive 

feedback “oscillation” and the impact ionization events happen back and forth within 

the multiplication region. In this case, the process becomes much more unpredicatable 
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and the gain fluctuation becomes much higher and is extremely sensitive to the 

average gain.  

In general, for APD operation, lower noise factor is favorable to achieve better 

SNR or BER. Thus, it is favorable to use materials with lower k factor to form the 

multiplication region and the APDs should be designed in a way that the carrier with 

higher impact ionization coefficient initiates impact ionization to reduce the excess 

noise. As we can see from the shadowed area in Figure 1.10, the k factor of Si is ~0.01 

to 0.02 which is smaller compared to most of other materials. This makes Si a very 

good material to form the avalanche multiplication region. On the other hand, InP p-n 

junction is commonly used to form the multiplication region for III-V APDs. The k 

factor of InP is ~0.3 to 0.5 and is much higher than that of Si. Due to the higher k 

factor value, III-V APDs usually suffer much more from the excess noise compared to 

Si APDs. For InP, since the hole impact ionization coefficient is higher than that of 

electron, III-V APDs are usually designed in the way that the avalanche process is 

initiated by holes rather than electrons. 

1.3.5. Geiger Mode Operation: Single Photon Avalanche Detector 

The avalanche gain strongly depends on the electrical field distribution across the 

multiplication region.  This fact has great impact on the operation of avalanche 

detectors, especially for single photon detection.  

In general, when an APD is biased under its breakdown voltage, it is operated in 

so-called “linear mode” or “sub-Geiger mode”. For linear mode APDs, due to the 
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relatively low electrical field across the multiplication region, the avalanche gain is 

low. A typical gain value for linear APDs is lower than ~100, which is not sufficient 

for single photon detection. A gain in the order of ~105-106 is usually required to 

achieve sufficient signal to noise ratio (SNR) for the read out circuit to detect the 

single photon event. To achieve such high gain, an avalanche detector needs to operate 

in so-called “Geiger Mode”, in which the device is biased “temporarily” above its 

breakdown voltage bV . Theoretically, when an avalanche detector is biased above bV , 

the impact ionization process becomes a self-sustaining process so that the 

multiplication gain can be infinite. In this way, the device can have the sensitivity to 

single photons. However in Geiger mode, since the avalanche process becomes self-

sustaining, which means without being externally stopped, the avalanche process will 

go on and on, this will eventually damage the device through “thermal run away”. To 

overcome this problem, external quenching circuits, which can quickly reduce the 

device bias after an avalanche current pulse is triggered, are required for conventional 

Geiger mode SPADs to prevent the device from being damaged[27, 32].  

There are three main quenching methods commonly used in Geiger mode 

operation. Figure 1.11 (a) illustrates passive quenching, in which SPADs are series 

connected to a large quenching resistor, usually in a range from 100kohm to 1Mohm. 

When an avalanche process is triggered, the avalanche current passes through the 

quenching resistor resulting in a voltage drop across the quenching resistor. Since the 

total bias is constant, the voltage across the SPAD is reduced and the avalanche 
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process can be effective quenched. Passive quenching usually comes with a slow 

recovery process due to the RC limited recharging.  

Figure 1.11. (a) shows a schematic diagram of a passive quenching circuit. (b) typical output signal 
from passive quenching SPADs[29]. 

In active quenching configuration, the SPAD is connected in a circuit with 

feedback loop. When an avalanche pulse is triggered, the rise of the current pulse 

signal can be sensed and monitored. Once the current level passes some preset level, 

the circuit quickly forces the SPAD bias to a lower level through a controlled bias 

voltage source.   In this way, the avalanche process is quenched. After a given period, 

usually determined by the dark count rate or after pulsing rate, the SPAD bias is raised 

back to the normal operation voltage and the device beomes ready for the next photon 

detection. Active quenching can avoid slow recovery and offer faster quenching and 

reset transition, however it has higher requirement on the part of the integrate circuit.  



 

 

27

Figure 1.11. (c) Shows a schematic diagram of active quenching circuit. (d) Typical output 
signal from active quenching SPADs[29]. 

 

For III-V SPADs, due to the much higher defect states and severe after-pulsing 

effect, the dark count rate is usually much higher compared to Si SPADs. For this 

reason, gated mode operation is commonly used for III-V based SPADs simply 

because in this way, the effect of high dark count rate can be greatly reduced at a price 

of much longer detection dead time. In gated mode operation, the device is biased with 

a periodical square voltage signal so that it can be switched quickly between on state 

and off state. When the bias voltage is above the breakdown voltage by an amount of 

excess voltage, exV , the device is turned on and is sensitive to single photons. On state 

usually holds for a very short of period onT , usually in the order of a few nanoseconds. 

Then the device is switched to off state at a bias voltage offV , which is slightly below 

the breakdown voltage. Because of the dark count rate consideration, especially the 

after pulsing effect in III-V SPADs, the off state is usually held for a much longer time 

offT  in a range from a few hundred of nanoseconds to a few microseconds. The gated 
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voltage signal is usually synchronized with the incoming light signal. In this way, the 

error caused by dark counts is greatly suppressed. However, by doing so, the device is 

at the off state for most of the time, which could result in a very long detection dead 

time. Thus, gated mode operation can be only applied to applications where the arrival 

time of incoming photons is “predictable”. For applications where photons arrive 

randomly, using gated mode operation becomes unpractical.   

 

Figure 1.12. Schematic illustration of gated mode operation. 

1.4. Objectives and Motivations 

1.4.1. Challenges of Conventional III-V SPADs 

Even with a carefully designed structure and well controlled operation condition, 

the performance of conventional III-V SPADs is still very much limited by the quality 

of III-V materials and some intrinsic properties of the avalanche process.  
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First, dark count rate is still one of the problems causing the most concerns for all 

III-V SPADs. It is because the quality of III-V compound semiconductors in terms of 

defect state density is much worse than the quality of Si; the process infrastructure for 

III-V materials is also far behind that for Si, which has been developed for more than 

20 years. Due to the high defect state density, after-pulsing effects has been an much 

more severe concern for III-V SPADs compared to Si SPADs. Since the high dark 

count rate greatly degrades the performance of III-V SPADs, extensive research work 

has been undertaken for years to reduce the dark count rate by improving III-V 

material quality, developing better controlled fabrication technique and optimizing the 

device operation conditions[30-33]. 

Secondly, single photon detection efficiency of conventional III-V SPADs is 

determined by both quantum efficiency and avalanche probability. With carefully 

designed structure, III-V SPADs can have very good quantum efficiency up to 90% or 

more. However, the avalanche probability is intrinsically limited by the gain 

probability distribution of avalanche process. As shown in Figure 1.9, avalanche 

multiplication initiated by single carriers has very wide gain probability distribution. 

The high gain events, which contribute to the detectable signals, take place with only a 

small portion in the probability distribution. Even though the avalanche probability 

goes up with applied electrical field in the multiplication region, the dark count rate 

goes up with the field even faster, which makes it very difficult to achieve overall 

detection efficiency higher than 50% with reasonably low dark count rate.  
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Thirdly, even though conventional III-V SPADs have been successfully used to 

precisely detect the arrival time of photon signals in photon counting applications, due 

to the exceedingly high excess noise in Geiger mode operation, they do not have the 

dynamic range to resolve photon number in analog regime[11]. This has greatly 

limited the device capability in many applications that require analog detection of 

photon number. Also, because of the large fluctuation of the avalanche gain from 

pulse to pulse, it is difficult to set an optimal discriminator level on an electrical pulse 

counter to differentiate the photon triggered avalanche pulses from the background 

noise.  

Lastly, for conventional SPADs, external quenching circuits are required for 

Geiger mode operation. First, this could induce additional dead time for single photon 

detection. Secondly, for large array detectors, the requirement of external quenching 

circuits for each pixel element could greatly increases the complexity of making and 

operating the device. Especially for III-V materials, integrating passive components on 

the same chip with the detector remains as a technical challenge. Even though III-V 

array detector has been developed using 3-D integration technology in lincoln 

laboratory[44], the process is extremely difficult and expensive. Therefore, the 

requirement of quenching circuit remains as one of the obstacles to fabricate and 

utilize large array III-V detectors in practice.  
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1.4.2. Objectives of This Work 

In this work, our primary focus is two folds. First , we want to find a way to 

modify the strucuture of conventional III-V SPADs so that the device can operate in 

free running mode without the need of external quenching circuit. This could greatly 

simplify the device operation and be especially beneficial to the applications that 

require using large array detectors. Secondly, we also want to suppress the excess 

noise to a very low level so that the device can produce well-defined avalanche current 

pulses and regain the capability to detect photon signals in analog regime. This could 

make III-V SPADs perform like PMTs and thus greatly enhance the power of single 

photon avalanche detectors. To achieve these objectives, the approach we take in this 

work is to integrate some “negative feedback mechanism” into the structure of 

conventional III-V SPADs. Avalanche with Negative Feedback(ANF) offers several 

advantageous properties to SPADs. Besides avalanche self quenching, greatly 

suppressed excess noise, theoretically, ANF can also improve the detection efficiency 

and promote the avalanche build-up process, resulting in shorter response time. A 

detailed discussion on ANF APDs will be given in next chapter. As can be foreseen, 

these advantageous features mentioned above will have great impact and be extremely 

beneficial to the single photon detection field. Even though in this work, reducing the 

dark count rate is not our primary the focus. Extensive research works are going on 

elsewhere to address the dark count issue for III-V SPADs. So eventually, hopefully in 

the near future, with the advantageous features developed in this work combined with 
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the much reduced dark count rate, III-V SPADs can become truly powerful and 

ultimately the ideal devices for single photon detection applications.  

1.5. Outline of Dissertation 

Following the first chapter of introduction, chapter 2 will contain a review on 

ANF APDs, including the basic operational concept, key characteristics and some 

early works on Si ANF APDS. Chapter 3 will discuss the development work on InP 

MOS APDs, which is our first attempt to integrate the negative feedback with III-V 

SPADs. The process development of the “oxygen plasma assisted low temperature 

wafer bonding”, which is used to transfer thermal oxide layer onto InP wafer surface 

will be described in detail. Chapter 4 will present the concept of III-V SPADs with 

Transient Carrier Buffer (TCB) and discuss the design issues, including how to choose 

the material system and optimize the junction condition. A comprehensive device 

model will be given to provide the physical insights. Chapter 5 will describe the 

device frabrication process and report the main experimental results of the device DC 

and single photon detection characteristics. It will also discuss some of the 

collaboration work with Prof. Sadik Esener’s group on the frequency up-conversion 

via hot carrier electroluminescence. Chapter 6 will conclude this dissertation.  
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Chapter2. Avalanche with Negative Feed-back: Review 

The primary focus of this work is to develop a novel technology that can enable 

III-V SPADs to operate in free-running mode for single photon detection without any 

external quenching circuits. In this way, it can make it much more practical and cost 

effective to fabricate and utilize large array detectors. In addition, we are also looking 

for ways to suppress the excess noise that is associated with the avalanche 

multiplication process. In this chapter, the concept of avalanche with negative 

feedback (ANF)[1, 2], which we incorporate to achieve the above objectives, will be 

discussed. Some earlier work, theoretical and experimental, on ANF devices will be 

reviewed. 

2.1. What Is Avalanche With Negative Feedback (ANF) 

In general, avalanche multiplication is by nature a positive feedback process. 

When the device operates above breakdown voltage, external quenching must take 

place to prevent the avalanche process from thermal runaway. Before the avalanche is 

quenched externally, the avalanche process evolves statistically, which results in high 

excess noise[3, 4]. For ANF, the main difference is that the electric field in the 

multiplication region can be dynamically adjusted by the number of multiplied charge 

carriers through negative feedback mechanism. Theoretically, this can regulate the 

avalanche process and make it a much more statistically stable process[2].  
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2.1.1. Basic ANF Model 

The ANF concept can be realized through different approaches in different 

applications. In general, the negative feedback mechanism is introduced by creating an 

energy barrier for minority charge carriers next to multiplication region. The energy 

barrier can be introduced by adding an insolating layer such as SiO2[5-7], adding wide 

band-gap resistive layer[8] or by creating hetero-structures with properly a designed 

band-gap energy offset[9]. Figure 2.1 shows a schematic diagram illustrating the basic 

operational concept of ANF. On the bottom, it shows the layer structure of an ANF 

device. As we can see, quenching layers, which create the energy barrier, are next to 

the multiplication region. The curves on top illustrate the potential distribution across 

the device before and after an avalanche multiplication process. When impact 

ionization process is initiated by a single carrier, electron hole pairs start to generate in 

the multiplication region. One of the generated carriers, holes in this case, driven by 

the field will drift towards the quenching layers. Because of the existence of the 

energy barrier, the holes are not able to leave the device immediately. Instead, they are 

temporarily blocked and accumulate there. As the number of accumulation holes 

increases, due to the charge screening effect, the electric field across the multiplication 

region decreases. In this way, the electric field across the junction is dynamically 

adjusted by the multiplication process.  
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Figure 2.1. Operational concept of avalanche negative feedback mechanism. 

For conventional APDs, the electric field across the multiplication region can be 

treated to be constant during the avalanche process for not too high electric field, i.e., 

the effect of avalanche generated electron hole pairs to the electric field is 

negligible[1]. The avalanche process evolves in a statistical manner. When an 

avalanche process is triggered by a single carrier, the multiplication gain M is 

measured by the number of electron hole pairs generated before the avalanche process 

ends due to statistical fluctuation, i.e., when all the carriers leave the multiplication 

region without further triggering subsequent impact ionization events. Thus, the 

avalanche gain of conventional APDs in nature is also probabilistic and usually has a 

wide distribution[10]. For normal APDs, the evolution of the avalanche process is 

largely determined by the electrical field in the multiplication region. In the case when 

the device is biased below its breakdown voltage, i.e., m brE E< , the average number 
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of charge carriers existing in multiplication region decreases exponentially with time. 

The avalanche process dies out rather quickly after it is initiated. On the other hand, 

when the device is biased above its breakdown voltage, i.e., m brE E> , the average 

number of charge carriers existing in the multiplication region increases exponentially 

with time, which makes the avalanche process a self-sustaining process and results in 

“infinite” gain. For this reason, conventional APDs operated in Geiger mode require 

external quenching circuits as we have discussed earlier[11]. 

For ANF devices, even when the device is biased above the breakdown condition, 

the avalanche multiplication process could be quenched quickly due to the negative 

feed back mechanism and results in a finite value of gain. The detailed quenching 

process can be described as following[7, 9]. After the avalanche multiplication starts, 

it takes a certain time to build up the accumulation charges. In the beginning, when the 

number of accumulation charges at the energy barrier is low; the electrical field in the 

multiplication region remains high; the effect of negative feedback is weak. The 

impact ionization process evolves similar to that in normal APDs. The number of 

charge carriers existing in the multiplication region increases exponentially and the 

impact ionization process grows fast with very little probability to stop. In the same 

time, the number of accumulation charges builds up. When it reaches some critical 

level cQ , the electrical field is reduced to the breakdown field brE . The avalanche 

current reaches its maximum value. Beyond this point, the accumulation charges 

continue to build. Eventually when the electrical field becomes lower than brE , the 

number of charge carriers in the multiplication region starts to decrease dramatically, 
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even faster than the exponential decay trend. The impact ionization process dies out 

quickly, resulting in self-quenching.  

Avalanche multiplication gain can be measured by how many charge carriers are 

generated during a single carrier triggered avalanche process. For ANF, the avalanche 

is quickly quenched when the number of accumulation charge reaches above the 

critical level cQ . Thus, the gain of ANF is very much determined by cQ , at which the 

electric field is reduced below breakdown. To better understand ANF, let us review 

some of the main characteristics of ANF. 

2.1.2. Self Quenching Effect and Accumulation Charge Releasing 

For an ANF device, even when the device is initially biased above the breakdown 

condition with overbias oV , the avalanche process can be quickly quenched by the 

negative feedback mechanism, and thus eliminates the requirement of external 

quenching circuits for conventional Geiger mode operation. For an ANF device, the 

electric field in multiplication region remains low right after the self-quenching 

process until the accumulation holes are released from the energy barrier. Thus, to 

reactivate the device, the accumulation charges need to be released from the energy 

barrier to restore the electric field to its original level. . In figure 2.2, it schematically 

illutrates the self-quenching and self-recovering process of a MOS-APD. 
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Figure 2.2. Schematic diagram of the self quenching and reactivation process for an ANF device 
with an oxide barrier layer. (a) During the avalanche process, electrical field in the multiplication 

region is above the breakdown value Ecr. (b) After the avalanche process is quenched by 
accumulated electrons, the electric field in multiplication region is reduced below breakdown. (c) 
Accumulated electrons are released. Electric Field in the multiplication region is restored and the 

device becomes active again. 

To release the accumulation charges from the energy barrier, people have 

proposed and used several approaches including lateral carrier transport along the 

surface channel[7], leaking through a resistive layer[8, 12] and tunneling through the 

energy barrier[9]. For example, Figure 2.3 shows a schematic diagram of a Si MOS-

APD structure[7]. In this device, the avalanche multiplication region, p n+ junction is 

underneath a p+ channel, which connects p+ source and p+ drain. When an avalanche 

is triggered in the multiplication region, multiplied holes, in this case, quickly 

accumulat at the oxide interface, resulting in self-quenching. On the other hand, 
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because of the source drain bias dsV  and the existence of the p+ channel, those 

accumulated charges conduct through the p+ channel and leave the active area of the 

device, resulting in self-recovery. These two processes occur in different time scales. 

The self-quenching occurs in a much shorter time scale (<1ns) compared to the self-

recovery (~10ns). In this way, the MOS-APD can detect photons continuously.  

 
Figure 2.3. Schematic diagram of the structure of MOS-APD with lateral transport channel. 1 thick 

Al electrodes; 2 semitransparent Ti gate electrode; 3 dielectric layer SiO2; 4 p+ Si surface drift 
layer; 5 p Si layer; 6 n+ Si layer; 7 n Si substrate; 8 p+ Si drain; 9 p+ Si source[7]. 

With built-in self-quenching capability and the right approach to remove 

accumulated charges afterward, ANF devices can greatly simplify the operation 

requirements and reduce the complexity of external support circuits needed for single 

photon detection.  
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2.1.3. Gain Characteristics of ANF 

The gain fluctuation of avalanche multiplication process is usually measured by 

the excess noise factor
2

2( ) MF M
M

< >
=
< >

, where M is the gain produced by a single 

carrier triggered avalanche process. A higher noise factor indicates a higher gain 

fluctuation or wider gain distribution. For a conventional APD, as we can see from the 

gain probability plot in Figure 1.9, due to the statistical nature, the avalanche process 

triggered by single carrier has very wide gain distribution. The average gain M is 

mainly contributed by the rare high gain events. As the average gain increases, the 

gain probability function becomes more widely distributed, which leads to higher 

excess noise factor as shown in Figure 1.10.  

 
Figure 2.4. Calculated probability P that a singe injected carrier will result in G ionized carriers. 

Solid line corresponds to higher bias voltage and higher average gain than the dashed line[2]. 

For ANF devices, due to the negative feedback mechanism, the gain probability 

function is radically different from that of conventional APDs. Figure 2.4 shows the 

gain probability function of an ANF obtained through Monte Carlo simulation by D. 
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Shushakov and V. Shubin[2]. For the low gain region, i.e., when the gain is less than a 

thousand, the probability function of the ANF behaves similarly to the conventional 

avalanche process. However, for the high gain region, the gain probability function 

increases and forms a high gain peak. As the device biased is increased, the high gain 

peak becomes separated from the low gain part and the center gain is shifted to higher 

values. The total possibility of high gain events is also increased considerably.  

From these simulation results, excess noise factor 2 2/F M M=< > < > can be 

calculated for different average gain values as shown in Figure 2.5.  

 
Figure 2.5. Calculated excess noise factor versus average gain. 1 conventional single carrier 

initiated avalanche; 2 single carrier initiated ANF[2]. 

In curve 1, as expected for conventional APDs due to positive feedback, the noise 

factor increases quickly with increasing average gain. At a gain level of few thousand, 

the noise factor quickly approaches 100. Curve 2 shows the excess noise factor of a 

single carrier initiated ANF process. For the ANF process, the excess noise factor 

increases with increasing average gain similar to conventional APDs until the average 
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gain reaches some critical level, in this case, a few hundred. Once the gain exceeds 

that level, the noise factor starts to decay rapidly. At a gain of 10000, the noise factor 

reduces to as low as 1.77. 

With such suppressed excess noise, using an ANF device to resolve photon 

number in analog the regime becomes possible. Figure 2.6 schematically illustrates the 

concept of how to detect photon signal in the analog regime by using an ANF device 

array.  

 
Figure 2.6. Schematic illustration of the concept of photon number resolving using ANF array 

detector. 

In this example, a laser pulse containing 3 photons is coupled to the array 

detector through an optical lense system. The optical lense system is arranged so that 

the laser light illuminates uniformly the entire area of the array detector. Each 

individual photon hits different detector pixels and triggers an avalanche current pulse. 

Since the excess noise is low, the triggered avalanche pulses have well defined pulse 
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area. When they are combined in the output signal, the output signal will have a pulse 

area about three time the area of the individual pulses. In this way, from the output 

pulse area, we can measure the number of photons contained in the original laser pulse. 

Combining the above simulation results[2], we can have a clearer picture of the 

ANF process that the negative feedback of accumulation charge screening competes 

with the positive feedback of avalanche multiplication. When the average gain of an 

ANF device is low, i.e., when the device is biased at a relatively low voltage, below 

breakdown, the amount of accumulation charges generated during the onset of the 

avalanche process is low. Thus, the negative feedback effect is weak and the process is 

mainly dominated by the intrinsic statistical nature of avalanche. For this reason, as we 

can see in Figure 2.3 and 2.4, ANF device behaves similarly to conventional APDs 

when the average gain is low (< ~1000). However, when the device bias is increased 

to higher voltages above breakdown, the amount of accumulation charges builds up so 

quickly at the energy barrier during the onset of the avalanche process that the 

negative feedback effect becomes much more dominant. In this case, the avalanche 

process is strongly regulated by the negative feedback effect and becomes much more 

stable, resulting in greatly suppressed excess noise factor.  

2.1.4. Timing Response of ANF 

To evaluate the timing response of ANF compared to conventional APDs, We 

use SILVACO, a semiconductor simulator to model the dynamic behavior of an InP 

MOS-APD and a conventional InP APD.  
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Figure 2.7. Avalanche response of a MOS-APD and a conventional APD. (a) The avalanche gain 
of both devices is 5~ 1.8 10× . (b) The avalanche gain of both devices is 5~ 3.4 10×  

 

The MOS APD contains a 100nm SiO2 layer in series with an N type InP 

substrate with doping level 17 32.5 10dN cm−= × . The InP APD contains a P-N junction 

with doping concentration of 17 32.5 10 cm−× on both sides. Both devices are biased 

slightly below their respective breakdown voltages and are irradiated by a 1ps ultra-

short light pulse containing only one photon. Figure 2.7 shows the output current pulse 

signals of the devices at different multiplication factors. Comparing the avalanche 
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response of the MOS-APD and conventional APD in Figure 2.7(a), at the gain level 

of 51.8 10× , we observe a faster response for the MOS-APD than the traditional APD. 

Figure 2.7(b) shows how the pulse response changes when the gain increases to 

53.4 10×  by increasing the bias voltage closer to the breakdown voltage. Noticeably, 

the response time of the traditional APD increased from 1.7 ns to 3.2 ns, governed by 

the gain-bandwidth product. In contrast, the response of the MOS APD device 

decreases from 470ps to 370ps, which indicates the avalanche evolves faster at higher 

gain level for MOSAPD. 

 

Figure 2.8. Gain-bandwidth versus gain simulation for a conventional InP APD and a InP MOS 
APD. 

Figure 2.8 shows the simulated Gain-Bandwidth product versus Gain. As 

expected, the G-B product for the traditional APD remains nearly constant over a wide 

range of gain [1].  This suggests that for conventional APDs, to achieve sufficient gain 

for single photon detection, the device will suffer from a low frequency response. On 
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the other hand, for the MOS-APD, the avalanche response is no longer limited by the 

gain-bandwidth product due to the built-in negative feedback mechanism,.  

2.2. Conclusion 

In this chapter, we have discussed the basic concept of ANF and reviewed some 

of the early theoretical studies. The key advantages that ANF offers to Single Photon 

Avalanche detectors can be summarized as follows. 

1 ANF process gives SPADs self quenching and self recovering capability and 

thus allows SPADs to operate in Geiger-mode without any external quenching 

circuits. In this way, it can greatly simplify the circuit requirements for SPAD 

operation and makes using large array detectors much more practical. 

2 The excess noise of ANF process can be greatly suppressed due to the strong 

negative feedback, resulting in a much reduced gain fluctuation. In this way, it is 

possible for ANF devices to produce well defined avalanche current pulses and 

have the capability to resolve photon number in the analog regime. 

3 Device simulation suggests ANF devices can have a faster timing response 

compared to conventional APDs due to the fast quenching mechanism.  

Besides these key advantageous characteristics, theoretical works also suggest 

ideal ANF devices can achieve better single photon detection efficiency due to their 

gain probability distribution[1]. Thus, by integrating ANF function with conventional 
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APDs, theoretically it will allow the device to operate in free running mode without 

external quenching circuits and detect photon signals in the analog regime.  

During the past years, the ANF concept has been mostly implemented in Si based 

SPADs and has demonstrated promising device characteristics[7, 8, 12, 13]. In this 

work, we will focus on adapting and expanding the ANF concept to III-V based 

SPADs and utilizing the advantageous feature of ANF for near IR photon detection.  
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Chapter3. InGaAs/InP MOS-SPADS 

 From the early theoretical work, avalanche with negative feedback (ANF) 

shows great promise to offer several advantageous features to single photon 

avalanche detectors[1, 2]. Devices like the MOS-APDs, Hetero-structure APDs 

and SSPMs have demonstrated promising performance at visible wavelength 

regime. However, due to the material properties and the fabrication process 

compatibility, it still remains challenging to implement ANF concept to III-V 

compound semiconductor based SPADs, which are commonly used for photon 

detection at 1550nm and 1310nm wavelengths. In this work, our primary goals are 

1) to develop a technology to adapt and expand the ANF concept to III-V SPADs 

for near infrared photon detection and 2) to explore the impact of ANF to the III-V 

SPADs characteristics.  

  To achieve the above goals, we have developed various device structures with 

different technologies in this work. The first attempt was to adapt the MOS-APD 

concept. A MOS-APD has a simple structure consisting of a MOS structure on top 

of a conventional III-V APD. The oxide insulator serves as an ideal barrier to block 

the multiplied carriers during an avalanche process, introducing the negative 

feedback mechanism. In this work, we focused on developing an oxygen plasma 

assisted low temperature wafer bonding process to integrate a thermally grown 

oxide layer onto an InP based SAM APD to demonstrate the feasibility of 
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implementing ANF to III-V APDs. The InGaAs/InP MOS-APDs made by oxygen 

plasma assisted low temperature wafer-bonding have successfully demonstrated 

the avalanche self-quenching and a much suppressed excess noise. However, even 

with the much improved interface condition, the MOS-APDs still suffered from the 

short lifetime due to the interface trap states. To address the interface issue, 

Transient Carrier Buffer (TCB) technology was proposed and developed. The 

InGaAs TCB SPADs incorporated the band-gap engineering to create the energy 

barrier for the negative feedback. Because all the epi layers were lattice matched 

grown by Metal Organic Chemical Vapor Deposition (MOCVD), the interface 

issue became a much less concern. As will be discussed in Chapter 5, the TCB 

SPADs have successfully demonstrated free-running single photon counting at 

1.55um wavelength with promising device performance and reliability. As a 

review, in this chapter, we will first focus on discussing the research work on the 

MOS-APDs.  

3.1. Avalanche Under MOS Structure 

As early as 1970s’, researchers have studied the impact ionization process 

under the MOS capacitor[3, 4]. Those early observations inspired the later on 

research work on MOS-SPADs. Since the Metal-Oxide-Semiconductor (MOS) 

structure is a critical component of MOS-APDs. In this section, we will first 

review the basic physics of the MOS capacitors. 
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3.1.1. MOS Capacitor  

Figure 3.1 schematically illustrates the basic structure of a MOS capacitor. It 

consists of a conducting gate electrode and a thin layer of oxide on top of 

semiconductor substrate[5].  

(a) (b) 

Figure 3.1. (a) Schematic cross section of an InP MOS capacitor. (b) Band diagram of a p type 
MOS capacitor under inversion condition. 

For a MOS capacitor, when the polarity of the gate bias switches, different 

conditions: flat band, accumulation, depletion, deep depletion and inversion can be 

developed in the region under the gate oxide[6]. In figure 3.2, it shows the 

energy-band diagrams for ideal MOS capacitors under different bias conditions[7].  
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Figure 3.2. Band diagrams of p-type and n-type MOS capacitors under different conditions. (a), 
(e) flat band condition; (b), (f) accumulation condition. (c), (g) depletion condition; (d), (h) 

inversion condtion. 

3.1.1.1. Flat Band and Accumulation 

When the gate electrode is grounded with the substrate, i.e., 0gV = , the Fermi 

levels of the metal and InP line up, as shown in figure 3.2(a) and (e). The energy 

bands in both InP and oxide are flat and MOS capacitor is at flat band condition. 
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Under the flat band condition, no spatial charge and no electrical field is developed 

in the InP substrate.  

For an n-type MOS capacitor, accumulation condition is formed when it is 

positively biased, as shown in figure 3.2(f). In this case, majority carriers 

(electrons) flow towards the metal electrode and accumulate under the gate oxide. 

At equilibrium condition, because of the electron accumulation, the conduction 

band at the InP surface bends toward the Fermi level. At the accumulation 

condition, most of the voltage drop occurs across the oxide, resulting in very little 

electric field in the bulk InP substrate.  

3.1.1.2. Depletion And Inversion 

When an n-type MOS capacitor is biased with negative gate voltage, 

i.e., 0gV < , the metal Fermi level increases and the majority carriers (electrons) are 

repelled away from the gate oxide. In this way, a depletion region with unbalanced 

positive charges forms in the InP substrate right under the oxide interface. The 

electric field developed in this region can be approximately calculated by solving 

the Poisson’s equation with boundary condition ( ) 0dE W = and (0)ox ox InPE Eε ε=  . 

d

InP

eNdE
dx ε

=   (3.1) 

where dN is the doping concentration of the N type InP substrate.   

From equation 3.1, the maximum electric field can be derived, 
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(0) d d

InP

eN WE
ε

=  (3.2) 

As the negative gate voltage gV increases, the surface band bending or the 

so-called surface potential sψ increases and the depletion region width dW grows 

wider. When the surface potential sψ increases beyond Bψ , which the difference 

between the Fermi level and the intrinsic Fermi level as shown in figure 3.1(b), the 

concentration of the minority carrier (hole) start to exceed the concentration of the 

majority carrier (electron) at the InP surface, resulting in an inversion layer. The 

inversion layer locates only within a few angstroms from the oxide interface. When 

the device reaches the strong inversion condition, the surface potential sψ is pined 

at 2 Bψ . After this point, further increasing gV will not cause dW to increase much 

anymore. The maximum depletion width mW can be given by, 

4 InP B
m

d

W
eN
ε ψ

=  (3.3) 

By plugging equation 3.3 into equation 3.2, the maximum electric field in the 

InP substrate can be calculated and expressed as a function of the doping 

concentration dN . 

4 4 ln( / )d B d d i
m

InP InP

eN N kT N NE ψ
ε ε

= =  (3.4) 

For a relatively high doping concentration 18 310 /dN cm= , the maximum 

electrical field
m

E is 5~ 3 10 /V cm× , which is still much lower than the breakdown 

field for InP[8].  
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3.1.1.3. Deep Depletion 

The above discussions are based on the assumption that the MOS capacitor is 

under thermal equilibrium, i.e., the change of gate voltage is slow so that the 

generation of minority carriers can keep up with the changing of the gate voltage. 

In this way, once the surface potential reaches 2 Bψ , strong inversion occurs and the 

surface potential is pined. However, if the MOS capacitor is biased by a changing 

voltage signal with a ramping rate faster than the minority carrier generation rate[5, 

7], the response of the minority carriers can not keep up to the changing of the gate 

voltage. Thus, even when the surface potential reaches 2 Bψ , the inversion layer 

will not be able to form due to the lack of minority carriers. In this way, the 

substrate under the gate oxide can be further depleted. This condition is called deep 

depletion. For the case of deep depletion condition, the depletion region width and 

the transient electric field keep increasing with increasing of the gate voltage until 

the avalanche breakdown occurs.  

In summary, among the flat band condition, accumulation conditions, 

depletion condition and inversion condition, the electric field developed in the InP 

substrate is not sufficient for the avalanche breakdown to occur. Only when a MOS 

capacitor operates in the deep-depletion condition, the avalanche breakdown 

condition can be reached with high enough gate bias. 
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3.2. InP-SiO2 Wafer Bonding 

To make the InP MOS-SPADs, formation of high quality oxide layer on InP 

is most critical. In the past, various methods, such as physical deposition 

(sputtering)[9], Plasma Enhanced Chemical Vapor Deposition (PECVD)[10] and 

oxygen plasma assisted low temperature InP/SiO2 waferbonding[11] have been 

reported to form the oxide insulating layer on InP. However, only few methods 

above can produce good InP/oxide interface with low interface state density. In this 

work, we adopt the oxygen plasma assisted low temperature wafer bonding process 

to direct bond a thermally grown oxide layer onto an InP wafer to make the InP 

MOS APDs. 

3.2.1. Direct Wafer Bonding Concept 

Wafer bonding technology is widely used for applications that require joining 

two semiconductor surfaces together with no constrain of lattice matching to create 

heterostructures[12]. Generally, when two solids with clean and flat surfaces are 

brought into close proximity at room temperature, due to the short range forces 

such as intermolecular and interatomic forces, the two surfaces are pulled together 

into intimate contact. In this way, Vander Waals bonds can form across the 

interface, resulting in the initial bonding formation. After the initial bonding 

formation, a post annealing process at some elevated temperature is performed to 

strengthen the interface bonding by creating much stronger covalent or ionic 
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crystal bonds. In this way, the two surfaces are permanently joined together and the 

bonded sample is ready for the device fabrication process.  

Because for the initial bonding formation, the forces involved are mainly 

short range intermolecular and inter-atomic forces, the bonding surface 

morphology has great impact to the success of the bonding process[13]. The key 

factors are the surface micro-roughness, surface cleanliness and surface chemical 

properties of the samples to be bonded. 

The surface roughness is a measure of the local flatness variation of 

semiconductor surface. In order to achieve good initial bonding with high 

percentage of yield, in general, the surface roughness needs to be controlled below 

1nm. In Gui’s model[14], adhesion parameter θ is introduced to link the 

bondability of a surface to the surface roughness. 

3

2

4
3(1 )

E
v w R

σθ =
−

 (3.5) 

where E is Young’s module, v is Poisson’s ratio, w is the surface energy and R is 

the local spherical asperity andσ is the standard deviation of the Gaussian height 

distribution. The smallerθ results in better bonding yield. With 12θ > , the area is 

treated as non-bondable. With today’s semiconductor industry standard, the surface 

roughness of commercial Si wafers or III-V wafers can be well controlled below 

nanometer level and thus meet the requirement of direct wafer bonding 

process[11]. 
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Wafer contaminations can come from inorganic dust particles, metal residues 

and organic chemicals such as photo resist residue, which mainly contains 

hydrocarbon molecules. First, these contaminations introduce additional surface 

roughness and thus degrade the bonding yield. In general, the presence of a single 

1um dust particle can result in a non-bondable area of 1cm2. Secondly and more 

importantly, these hydrocarbon contaminations can serve as gas trapping 

centers[15]. During the post annealing process, these trapping centers can trap the 

hydrogen gas diffusing along the bonding interface, causing the local pressure to 

build up and resulting in the bonding failure. Thus, wafer bonding process is 

strictly required to be performed in a clean-room environment. 

In general, a semiconductor surface after treatment can be grouped into two 

categories: hydrophobic and hydrophilic. For the hydrophilic surfaces, they are 

usually covered with a thin layer of oxide, which is terminated by polar hydroxyl 

groups OH- , and therefore attract the polar water molecules. During the initial 

bonding process, those water molecules can help to create the initial bridging 

between the two bonding surfaces and thus make the initial bonding easier. On the 

other hand, for the hydrophobic surfaces such as Si and InP[16, 17], the wafer 

bonding process is usually considered more difficult.  

High temperature post annealing process is usually performed after the initial 

bonding formation to promote the bonding energy and thus make the bonding 

permanent. One should note that even though the thermal annealing process can 
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promote the bonding strength, in some cases, it could also create additional 

problems such as thermal stress induced damage and diffusion of dopant.  

3.2.2. SiO2-to-InP Wafer Bonding 

For MOS-APDs with carefully designed epitaxial layes, the doping profile 

has great impact on the device performance. To avoid the thermal stress induced 

damage and the dopant diffusion effect, low temperature wafer bonding process is 

preferred. Low temperature oxygen plasma assisted wafer bonding process has 

been originally developed by D. Pasquariello and his colleagues and has 

demonstrated the successful wafer bonding between InP to Si and InP to SiO2[11, 

18]. In this work, we developed the similar wafer bonding process with substantial 

modifications to transfer the technique to the UCSD cleaning room facility.  

Figure 3.3 illustrates the process flow chart for the low temperature oxygen 

plasma assisted wafer bonding. 
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Figure 3.3. Process flow chart for the low temperature oxygen plasma assisted wafer bonding. 

3.2.1.1. Sample Preparation 

For the process development purpose, n-type InP wafer with a doping 

concentration of 15 32.2 ~ 5 10 /dN cm= × is used. A 100nm thick oxide layer is 

thermally grown on a SOI wafer. Both wafers are cleaved into 1cm x 1cm squares. 

During the cleaving, all the wafers are protected by baked photo resist (Shipley 

S1818). 

3.2.1.2. Wafer Cleaning 

The cleaved InP and SOI wafer pieces are soaked in acetone to remove the 

photo resist protection coating. After the removal of photo resist, the sample 
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surface is inspected under microscope, only the samples with “defect free” surface 

are eligible for further bonding process. The qualified samples then go through a 

standard solvent cleaning process to remove the organic contamination from the 

wafer surface. After that, the oxidized SOI wafer is cleaned in RCA-1 solution for 

10min at 65 C° . RCA-1 is a mixture of ammonium hydroxide, hydrogen peroxide 

and DI water in a ratio of 1:1:5 and it is usually used to clean the organic 

contamination. In the mean while, the InP wafer is cleaned in diluted HF solution 

(1 HF : 4 DI water) for 10min at room temperature to remove the native oxide 

from the InP wafer surface. The cleaning steps are performed in ultrasonic bath to 

shake off the particles on the wafer surface. Then the cleaned wafers are rinsed in 

running DI wafer for 10min and blow dried with N2.  

3.2.1.3. Oxygen Plasma Surface Activation 

After the wafer cleaning, the wafers are baked on a hotplate at 120 C° for 

10min to release the water from the wafer surface. Then, the two wafers are 

immediately placed side by side into an oxygen plasma chamber (Trion) for the 

surface activation. First, the wafer holder is heated up to 60 C° . When the chamber 

base pressure is vacuumed to <1mtorr, oxygen plasma is turned on. Both the 

Reactive Ion Etching (RIE) mode and the Inductive Coupled Plasma (ICP) mode 

have been tried for the activation process[19]. As will be discussed later, the ICP 

mode activation has been found more preferable to achieve good bonding interface. 



 65

For the ICP mode activation, the typically process condition is: RF power 50W, 

oxygen flow rate 30sccm and chamber pressure 56 mtorr. The wafers are exposed 

to the oxygen plasma for 5min. 

After the oxygen plasma activation process, contamination particles have 

been found on the surface of both samples. The origin of those particles is mainly 

from the sputtering of the surrounding materials such as the bottom electrode and 

the chamber sidewall. This effect can be eliminated by building a dielectric 

protection wall, which is made of 4 microscope cover slides, around the samples as 

shown in figure 3.4(a). In figure 3.4, it compares the sample surface after the 

oxygen plasma activation with and without using dielectric protection wall.  

 

Figure 3.4. (a) Schematically illustrates the dielectric protection wall to block the sputtering 
particles. (b) Sample surface after the oxygen plasma activation without using the protection 
wall. (b) Sample surface after the oxygen plasma activation with using the protection wall. 
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3.2.1.4. Initial Bonding Formation 

After the oxygen plasma treatment, the two samples are brought into contact 

face to face immediately in room ambient to form the initial bonding. With 

properly cleaned and activated sample surfaces, the initial bonding forms 

immediately between the two samples. After the initial bonding formation, uniaxial 

pressure is applied to the bonded pair for 5min to stabilize the bonding interface.  

For the initial bonding formation, the environment temperature turns out to be 

a critical factor. If the initial bonding was formed at room temperature, severe 

bubble traps are observed at the bonding interface after the backside etching 

process. It could be due to the fact that right after the oxygen plasma treatment, 

both two wafer surfaces are still hot. During the wafer unloading and the wafer 

transportation process, the wafer surfaces are cooled down quickly to the room 

temperature. A thin layer of water molecules from the room ambient could 

condense onto the wafer surface, especially the oxidized SOI wafer surface, during 

this “cooling” process. To reduce this effect, after the samples are unloaded from 

the oxygen plasma chamber, they are immediately placed on a preheated hotplate 

at 120 C°  to avoid the water condensation. Figure 3.5 shows the bonded sample 

with many trapped air bubbles.  
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Figure 3.5. Air bubbles trapped in a bonded sample. 

3.2.1.5. Low Temperature Pre-etching Annealing 

In order for the bonded pair to survive the later on backside etching step, a 

pre-etching annealing process is performed in forming gas (N2:H2 95:5) to 

enhance the sample bonding energy. It is found that the annealing temperature is 

critical. When the annealing temperature is too high (>300 C° ), because of the 

thermal mismatch among Si handle wafer, oxide layer and InP wafer, large thermal 

stress can be induced at the bonding interface[20, 21]. This effect results in 

interface dislocation and thus poor interface quality. Figure 3.6 shows a picture of 

the thermal stress induced dislocations on a sample surface that was annealed at 

350 C° . To avoid the high thermal stress, it is necessary to reduce the annealing 

temperature (At an annealing temperature of 200 C° , no thermal stress induced 

interface dislocation was observed). After the low temperature pre-etching 

annealing, the bonded sample is inspected under an infrared camera to check the 
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bonding interface. Only the samples with good bonding interface will be further 

processed. Figure 3.7 is a picture taken by an IR camera showing a sample with 

>90% bonding area. 

 

Figure 3.6. A bonded sample surface annealed at 350 C° , showing severe thermal stress 
induced dislocation. 

 

Figure 3.7. An picture taken by an IR camera, showing a sample with >90% bonding area. 
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3.2.1.6. Backside Si Handle Wafer Etching 

After the low temperature pre-etching annealing, the bonded pair is firmly 

bonded together and ready for the backside etching process to remove the Si 

handle wafer. Figure 3.8 (a) illustrates the etching setup and the etching process 

flow. The bonded sample is mounted on a cover slide with the Si substrate facing 

up. The sample sidewalls are protected by cured silicone wax, which can be 

removed later. Then, the mounted sample is dipped into a KOH based solution 

(30% KOH in weight) at 70 C° . During the etching process, a magnet bar 

continuously stirs the solution to make the etching uniform. The etching rate at this 

condition is about 55micrometer per hour and it usually takes 6 to 6.5 hours to etch 

away the bulk Si substrate. After the bulk Si is etched away, the buried oxide layer 

(500nm thick) is exposed and the sample is quickly moved out of the KOH 

solution to rinse in running DI water for 5min. Then, the buried oxide layer is 

etched by Buffered Oxide Etcher (BOE) solution. At this point, only a very thin 

layer of Si (~200nm) remains on top of the bonded oxide layer. In order to 

minimize the damage, the remaining Si is etched in the KOH solution at a much 

lower temperature of 50 C° . The etching process is carefully monitored. Once the 

top oxide layer is complete exposed, the sample is immediately taken out of the 

KOH solution to rinse in running DI water for 10min.  
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(a) 

Figure 3.8. Schematically illustratration of the backside etching process. 

3.2.1.7. High Temperature Post Annealing 

Since after the backside etching, the thick SOI handle wafer is now etched 

away, the thermal stress becomes much less a concern. Thus, a High Temperature 

Post Annealing process (HTPA) is performed to promote the formation of covalent 

bonds and further improve the bonding interface condition. The HTPA process is 

performed in the forming gas ambient (5% H2: 95% N2) at 400 C°  for 1hour. 

After the HTPA treatment, the thermal oxide layer and the InP wafer surface are 

permanently bonded together. In figure 3.9, it shows a finished sample surface. 

The bonded sample is then ready for the device fabrication. 
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Figure 3.9. Picture of a finished bonding sample surface.  

3.3.1. InP MOS Capacitor Characterization 

The electrical property of the bonding interface has great impact on the 

performance of the InP MOS-SPADs and needs to be carefully investigated. C-V 

measurement is commonly used to examine the interface parameterss, such as the 

oxide thickness, the flat-band voltage fV and most importantly, the interface trap 

states density[5, 7].  

3.3.1.1. C-V Characteristics of Ideal MOS Capacitor  

In figure 3.10(a), it shows the C-V characteristic curves of an ideal p-type 

MOS capacitor at different conditions. In Figure 3.10 (b), it shows the MOS 

capacitor equivalent circuit model.  
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(a) 

 

(b) 

Figure 3.10. (a) C-V curves of a P-type MOS capacitor at different conditions[7]. (b) 
Equivalent circuit model of a MOS capacitor at different conditions. 

The C-V measurement is usually performed by applying a gate bias gV along 

with a small fast varying AC signal sV to the gate electrode[22]. By monitoring the 

displacement current change, the transient capacitance can be accurately measured. 

As shown in figure 3.9, depending on the frequency of the small varying 

signal sV and how gV is applied, an ideal MOS capacitor can have very different C-V 
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characteristics. When the frequency of the small AC signal sV is low (<100Hz), the 

minority carrier generation rate can catch up with the voltage change and lead to 

the charge exchange with the inversion layer in response to the small AC signal 

variation. As a result, the transient capacitance increases back to oxC C= at the 

inversion bias condition, as indicated in curve (a). On the other hand, when the 

frequency of the small AC signal sV  is fast (>>1kHz), the minority carrier 

generation rate can not catch up with the AC signal variation any more. As shown 

in figure 3.10 curve (b), the high frequency C-V characteristic of an ideal MOS 

capacitor shows a stable minimum capacitance of  

11

0 0

41 1 1 B

x dm x InP d

C
C C C eN

ψ
ε

−−   
= + = +       

 (3.6) 

corresponding to the maximum depletion width dmW at large bias voltage. In curve 

(c), it shows the C-V characteristics when the MOS capacitor is biased by a fast 

changing gate voltage gV . In this case, deep depletion condition is formed and the 

transient capacitance keeps decreasing due to the increasing of the depletion width.  

From the above discussion, we can conclude that an MOS capacitor with 

good interface condition should have the following C-V characteristics. 

1) The C-V characteristics should show clear transition from accumulation to 

depletion and to inversion, i.e., the applied gate voltage can be coupled into 

the semiconductor substrate.  
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2) The flat-band voltage fV , which can be extracted from the C-V curve, 

should be close to zero. Large flat-band voltage fV shift indicates high 

density of the interface trapped charge. The flat bond capacitance is given 

by, 

( )
1

2

1 10fb s
ox InP d

kTC
C A e N

ψ
ε

−
 

= = +  
 

 (3.7) 

3.3.1.2. InP MOS Capacitor C-V Measurement 

To test the electrical property of the InP/SiO2 bonding interface, InP MOS 

capacitors are fabricated. A circular top electrode of 200um diameter is formed by 

depositing Au/Ti (250nm/15nm) on top of the transferred oxide surface. Au/Ge 

(120nm/80nm) is deposited on the backside of the InP substrate to form the bottom 

contact. The C-V characteristics are measured by Agilent 5410a. The frequency of 

the small AC signal is set to be 1MHz so that the minority carriers can not 

response to the fast changing of the small signal and the C-V characteristics should 

follow the curve (b) in figure 3.10.  

In figure 3.11, it shows the typical C-V curves of the InP MOS capacitors 

with bad interface condition. For those devices: 

1) No clear accumulation to depletion, inversion transition is observed at low 

bias voltage. 
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2) In some cases, weak transition starts to occur at very high bias voltage 

(>20volt) 

3) The C-V characteristics are not consistent from sample to sample. 
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Figure 3.11. C-V curves of bonded InP/SiO2 samples with poor interface quality. 

Table 3.1. Bonding conditions for C-V curves in figure 3.11. 

C-V Oxygen Plasma Treatment condition Pre-etching annealing condition

fig.3.10 a 
RIE mode, P=100W 
T=5min, Temp=60 C°  
Flow=30sccm, Pressure=56mtorr 

12hours after the initial bonding
Temp=250 C°  
T=30min 

fig.3.10 b 
RIE mode, P=100W 
T=5min, Temp=60 C°  
Flow=30sccm, Pressure=56mtorr 

12hours after the initial bonding
Temp=250 C°  
T=30min 

fig.3.10 c 
RIE mode, P=100W 
T=5min, Temp=60 C°  
Flow=30sccm, Pressure=56mtorr 

12hours after the initial bonding
Temp=250 C°  
T=60min 

All these observations suggest high trapping charge density are present at the 

InP/oxide bonding interface. During the oxygen plasma activation process, if the 
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RIE mode is used to activate the wafer surface. Strong perpendicular electrical 

field is generated at close to the wafer surface. Ionized oxygen ions can be 

accelerated and gain very high kinetic energy from the electrical field before they 

hit on the wafer surface[19]. The bombardment of these high energy oxygen ions 

can cause damage to the wafer surface, thus introduce high density of interface trap 

states. In figure 3.11, the curve (a) shows the C-V characteristics of a bonded 

sample that was activated in RIE mode. This effect can be much reduced by 

switching the oxygen plasma to ICP (Inductive Coupled Plasma) mode, in which 

the oxygen plasma has higher density but much less kinetic energy[19].  

For the pre-etch annealing, the annealing temperature need to be below 

300 C° C to avoid the thermal stress induced interface damage. The annealing also 

should be performed right after the initial bonding is made. It has been observed 

that long delay time (> 6hours) can cause severe interface degradation. In figure 

3.11, the curve (b) and curve (c) show the C-V characteristics of samples for which 

the pre-etching annealing was done ~12hours after the initial bonding step. In this 

case, the accumulation to depletion transition starts to happen at very large bias 

~-20volt.  

Based on the above observations, the bonding condition is adjusted. In figure 

3.12, it shows the C-V characteristics of an InP MOS capacitor for which the 

wafers were activated in ICP mode at lowered RF power (50W) for 5min. The 

pre-etching annealing (200C, 60min) was performed immediately after the initial 
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bonding formation. For the C-V measurement, the bias voltage gV is scanned from 

positive 10volt to negative 10volt. At this condition, the C-V characteristic shows a 

clear transition at a much lower bias voltage, which indicates a much improved 

bonding interface. 
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Figure 3.12. C-V curve of a bonded InP MOS with much improved interface condition. 

From figure 3.12, important parameters can be extracted. At accumulation 

condition, the capacitance is 

10.8ox
ox

ox

AC C pF
t
ε

= = =  (3.8) 

where 2 2(1 10 )A cmπ −= ⋅ × is area of the top electrode. From equation 3.8, oxt can be 

calculated to be 100nm, which is close to the designed thermal oxide thickness. 

At inversion condition, the capacitance is 
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where ln d
B f i

i

NkT
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. From equation 3.9, the doping concentration 

can be calculated to be 15 32.8 10 /dN cm= × , which is within the range given by the 

wafer spec.  

From the C-V curve, the flat-band voltage fbV can also be extracted. Knowing 

the oxide thickness 100oxt nm= and the doping concentrate 15 32.8 10 /dN cm= × , we 

can first calculate the capacitance at the flab-band voltage.  

( )
1

2

1 10 8.7fb s
ox InP d

kTC pF
C A e N

ψ
ε

−
 

= = + =  
 

 (3.10) 

Then from the C-V curve, the flat-band voltage is extracted to be 3.7fbV V= .  

fbV is usually determined by msψ and oxQ , where msψ is the work function 

difference between the metal electrode and the InP substrate, oxQ is the equivalent 

charge density at the InP/oxide bonding interface. 

ox
fb ms

ox

Q AV
C

ψ= − −  (3.11) 

Since we know 0.52ms Vψ etween Au metal and InP[5]. Thus the equivalent 

charge density at the bonding interface can be calculated 

11 2( )
7.5 10 /ox fb ms

ox

C V
Q cm

A
ψ+

= = ×  (3.12) 
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3.3.1.3. Avalanche Under InP MOS Capacitor 

The C-V characteristic with clear accumulation to inversion transition 

indicates that the gate bias can be effectively coupled to the InP substrate. Thus, as 

predicted, avalanche breakdown is expected when the gate bias reaches certain 

level. To test that, the InP MOS capacitors are biased with a triangle wave voltage. 

The voltage signal ramps from FV (positive forward bias) to RV (negative reverse 

bias). A schematic diagram of the testing circuit is illustrated in figure 3.13(a). The 

device is mounted in a custom made T.E. cooling chamber at 20 C− and the 

measurement is done in dark condition. The top electrode of the MOS capacitor is 

probed and connected to a programmable ramp generator (Burleigh RC-43), which 

generates the triangle wave voltage signal. The output current is monitored by measuring 

the voltage change across the sampling resistor sR . As shown in figure 3.13 (b), when the 

device is biased with a triangle wave voltage signal changing from 8FV V= (forward bias) 

to 12RV V= − (reverse bias). Since the maximum reverse bias (-12volts) is much lower 

than the breakdown voltage, no avalanche current pulse is triggered. The output current 

signal is only contributed by the displacement current form the oxide capacitor due to the 

ramping voltage signal.  

total disI I=  (3.13) 
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(c) 

Figure 3.13. (a) schematic setup of the transient response measurement. (a) When the device is 
biased at VR<VBr. (b) When the device is biased at VR>VBr. 
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As RV is increased to -62volts, as shown in figure 3.13 (c), avalanche current 

pulse starts to occur at close to the peak position of the triangle wave signal and a 

sharp current pulse is superposed on top of the capacitive transient displacement 

current.  

total dis AvI I I= +  (3.14) 

As we can see from the transient avalanche response in figure 3.13(c), the 

current increases instantaneously (faster than the sampling rate of the oscilloscope) 

to a maximum value. Then, the avalanche current is quenched by the charge 

accumulation at the oxide interface. When the gate bias polarity switches to the 

forward bias, the electrons inject to the oxide interface from the InP substrate and 

neutralize the accumulation holes.     

3.3.1.4. Summary 

In this section, we went through the development of oxygen plasma assisted 

low temperature wafer bonding process to transfer a thermal oxide layer onto an 

InP surface. C-V measurements were performed to investigate the bonding 

interface condition. At the optimum bonding condition, consistent MOS C-V 

characteristic is achieved. Biased by a triangle wave voltage, the device shows 

avalanche current pulses at the breakdown condition, demonstrating the self 

quenching capability.  
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3.3. InP/InGaAs MOS-SPADs 

The basic structure of InP/InGaAs MOS-SPAD contains an MOS capacitor in 

series connected to a Separate-Absorption-Multiplication (SAM) APD structure. 

The SAM APD structure consists of a 0.65-micron thick InP multiplication region 

and a 1.5-micron thick InGaAs absorption region as shown in figure 3.14. The 

InP/InGaAs epi wafer is grown by Metal-Organic-Chemical-Vapor-Deposition 

(MOCVD). The MOS quenching layer is formed by wafer-bonding a thermally 

grown oxide layer onto the epi wafer. On top of the oxide layer, the device has a 

semitransparent top electrode, which defines the active area of the detector. The 

ring electrode around the top electrode serves as a third terminal to confine the 

avalanche region.  

 

Figure 3.14. Schematic layer structure of the InGaA/InP MOS-APD. 
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3.3.1. Device Fabrication 

In figure 3.15(a), it shows the process flow chart for the MOS APD 

fabrication. The thermally grown oxide layer is transferred onto the InGaAs/InP 

epi wafer through the oxygen plasma-assisted low temperature wafer-bonding 

process. 

Step 1, A semitransparent top electrode (15nm Au / 5nm Ti) is formed by 

E-Beam evaporation followed by a lift-off process. The ring electrode (100nm 

Au/20nm Ti) around the top electrode is then formed through the same procedure. 

Step 2, NR-9 1500 photo resist is patterned and cured to form an insulating 

pad for the top electrode contact pad formation. 

Step 3, The top metal contact pad (300nm Au/20nm Ti) is formed by E-beam 

evaporation on top of the NR-9 insulating pad. The metal contact pad is designed 

for later-on wire-bonding or measurement probing. The bottom electrode (120nm 

Au/80nm Ge) is also formed by E-beam evaporation.   

Single pixel devices with different active areas and array detectors with each 

pixel of 10um in diameter have been fabricated. In figure 3.15 (b), it shows 

pictures of a single pixel device with 10um active area and a 1x4 array detector. 
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Figure 3.15. (a) Process flow of the InGaAs/InP MOS APD testing device fabrication. (b) 
Pictures of a single pixel device and a1x4 array device.   

3.3.2. Device Testing 

To verify the single photon sensitivity of the device, the devices are tested at 

20 C− °  in dark condition, which ensures that the avalanche pulses are most likely 

triggered by single dark carriers, given the dark carrier generation rate.  
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Figure 3.16. Experimental setup for the avalanche pulse response measurement. 

Figure 3.16 shows the diagram of the measurement setup. The electrode 

connected to the active area is biased with a square voltage wave at 10 Hz. The 

square voltage wave changes from positive forward bias FV to negative reverse 

bias RV . When the bias voltage switches quickly from the forward bias to the 

reverse bias, the electrical field builds up in the multiplication region. When RV is 

increased to certain level, in this case -94V, avalanche current pulses start to occur. 

Figure 3.17(a) shows an avalanche current pulse triggered by a single thermal 

generated charge carrier in dark condition. Without any external quenching circuit, 

the avalanche is quenched very quickly due to the self-quenching mechanism. The 

current pulse has a fast raising edge and a pulse width of 100ns. The avalanche 

gain is estimated to be around 62.5 10× , by integrating the area under the output 

current. The current decay time is limited by the RC constant of the circuit. As 

shown in figure 3.17(b), when the load resistor is changed from 200ohm to 
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33kohm, the decay time is increased from ~100ns to ~6us. After the avalanche 

current pulse is quenched, the device bias is changed to 26 volts and electrons are 

injected and recombined with the accumulated holes to reset the device. The device 

outputs occur at random because of the random nature of thermal generation.  
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Figure 3.17. (a) waveform of a dark avalanche pulse. (b) Waveforms of avalanche 
pulses with different load resistors. 
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Figure 3.18. A series of avalanche pulses triggered by single dark carriers, showing the pulse 
amplitude is quite uniform. 

In figure 3.18, it shows 10 successive avalanche current pulses captured from 

a single device. Because of the relatively low frequency of occurrence of the pulse 

signal limited by the 10Hz square voltage wave, the idle time was removed 

between pulses in the plot to better illustrate the intensity fluctuation. The excess 

noise factor
2

2

MF
M

< >
=
< >

 can be estimated to be ~1.006 at gain of ~ 62.5 10× . 

3.3.3. Effect of Interface Trap States 

One major problem of the current InGaAs/InP MOS SPADs is that these 

devices have very short lifetime. It is observed that once the device starts to show 

avalanche pulse response at a certain reverse bias VR, the dark pulse rate drops 

dramatically with time. Only after a few minutes, the avalanche pulse response 

ceases completely and the device becomes inactive.  
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In general, the dark count rate d AVP G P= × , whereG is the thermal carrier 

generation rate and AVP is the avalanche probability. Since we know, G  is a 

constant for a given operation temperature. Thus, the decrease of the dark count 

rate suggests the lowering of avalanche probability AVP . It is believed that the 

decrease of AVP is caused by to the filling up of the interface trap states by the 

energetic avalanche carriers. 
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Figure 3.19. C-V measurement of an InP MOS capacitor showing severe C-V 
hysteresis.  

From the C-V measurement shown in figure 3.19, the device shows severe 

C-V hysteresis behavior. This indicates a large number of interface trap states 

locate at the InP/Oxide interface. Because of those interface trap states, during an 

avalanche process, the generated holes could be trapped at the InP/oxide interface. 

After many avalanche processes, a large number of trapped charges build up at the 

interface, resulting in substantial decreasing of the electric field in the 
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multiplication region. Eventually, when the electric field drops below the 

breakdown, the device becomes inactive. 

3.3.4. Conclusion 

In this chapter, the research work on development of the InGaAs/InP 

MOS-APDs is presented. First, the development of Oxygen Plasma Assisted Low 

Temperature Wafer Bonding process is reviewed. The C-V measurement on the 

bonded InP MOS capacitors is discussed. Then, the pulse measurement on the 

InGaAs/InP MOS-APDs is reported. In dark condition, avalanche pulses triggered 

by single dark carriers are observed. The avalanche gain is estimated ~106. At such 

high gain, the intensity of signals shows a variation as low as %8~/ >=< Mσ . In 

contrast, the variation can reach 100% for conventional Geiger-mode SPADs.  

This result manifests that the intrinsic negative feedback mechanism in MOS-APD 

can effectively suppress the intensity noise. The major issue of the current 

InGaAs/InP MOS-APDs is that the current devices have very short life time due to 

the existence of the large number of trap states at the bonding interface. Next 

chapter, we will introduce a new approach, which eliminate the interface issue, to 

integrate ANF mechanism with III-V SPADs.  

 

 

 



 90

References: 

[1]. V. E. Shubin, Avalanche Photodetectors, in Encyclopedia of Optical Engineering. 
2003, Marcel Dekker, Inc: New york. p. 20. 

[2]. D. Shushakov, V. E. Shubin and P. N. Lebedev. New solid state photomultiplier. Proc. 
SPIE, 1995 Vol. 2397, p. 544-554 

[3]. N. Klein, Mechanism of Self-Healing Electrical Breakdown in Mos Structures. Ieee 
Transactions on Electron Devices, 1966. ED13(11): p. 788. 

[4]. M. Nakahara, H. Iwasawa and K. Yasutake, Anomalous Enhancement of Substrate 
Terminal Current Beyond Pinch-Off in Silicon N-Channel Mos Transistors and Its 
Related Phenomena. Proceedings of the Institute of Electrical and Electronics 
Engineers, 1968. 56(11): p. 2088. 

[5]. S. M. Sze, Physics of Semiconducotr Devices. 2nd ed. 1981: John wiley & Sons, Inc. 

[6]. A. S. Grove, C. T. Sah, E. H. Snow, et al., Simple Physical Model for Space-Charge 
Capacitance of Metal-Oxide-Semiconductor Structures. Journal of Applied Physics, 
1964. 35(8): p. 2458. 

[7]. Y. Taur, T. H. Ning, Fundamentals of modern VLSI devices. 1998. 

[8]. A. S. Kyuregyan and S. N. Yurkov, Sov. Phys. Semicond., 1989. 23(10): p. 6. 

[9]. Y. K. Su, C. R. Huang and Y. C. Chou, Low-Temperature Growth of Sio2/Inp 
Structure Prepared by Photo-Cvd. Japanese Journal of Applied Physics Part 1-Regular 
Papers Short Notes & Review Papers, 1989. 28(9): p. 1664-1668. 

[10]. M. Lapeyrade, M. P. Besland, C. Meva'a, et al., Silicon nitride thin films deposited by 
electron cyclotron resonance plasma-enhanced chemical vapor deposition. Journal of 
Vacuum Science & Technology A, 1999. 17(2): p. 433-444. 

[11]. D. Pasquariello and K. Hjort, Plasma-assisted InP-to-Si low temperature wafer 
bonding. Ieee Journal of Selected Topics in Quantum Electronics, 2002. 8(1): p. 
118-131. 

[12]. Z. L. Liau and D. E. Mull, Wafer Fusion - a Novel Technique for Optoelectronic 
Device Fabrication and Monolithic Integration. Applied Physics Letters, 1990. 56(8): 
p. 737-739. 



 91

[13]. W. P. Maszara, B. L. Jiang, A. Yamada, et al., Role of Surface-Morphology in Wafer 
Bonding. Journal of Applied Physics, 1991. 69(1): p. 257-260. 

[14]. C. Gui, M. Elwenspoek, N. Tas, et al., The effect of surface roughness on direct wafer 
bonding. Journal of Applied Physics, 1999. 85(10): p. 7448-7454. 

[15]. K. Mitani, V. Lehmann, R. Stengl, et al., Causes and Prevention of 
Temperature-Dependent Bubbles in Silicon-Wafer Bonding. Japanese Journal of 
Applied Physics Part 1-Regular Papers Short Notes & Review Papers, 1991. 30(4): p. 
615-622. 

[16]. L. A. Zazzera and J. F. Moulder, Xps and Sims Study of Anhydrous Hf and Uv 
Ozone-Modified Silicon(100) Surfaces. Journal of the Electrochemical Society, 1989. 
136(2): p. 484-491. 

[17]. D. Kikuchi and S. Adachi, Chemically cleaned InP(100) surfaces in aqueous HF 
solutions. Materials Science and Engineering B-Solid State Materials for Advanced 
Technology, 2000. 76(2): p. 133-138. 

[18]. M. Forsberg, D. Pasquariello, M. Camacho, et al., InP and Si metal-oxide 
semiconductor structures fabricated using oxygen plasma assisted wafer bonding. 
Journal of Electronic Materials, 2003. 32(3): p. 111-116. 

[19]. J. L. Vossen and W. Kern, Thin film processes II. 1991, Boston: Academic Press. xiii, 
866 p. 

[20]. S. Hayashi, D. Bruno, R. Sandhu, et al., Wafer bonding for III-V on insulator 
structures. Journal of Electronic Materials, 2003. 32(8): p. 877-881. 

[21]. U. Gosele, Q. Y. Tong, A. Schumacher, et al., Wafer bonding for microsystems 
technologies. Sensors and Actuators a-Physical, 1999. 74(1-3): p. 161-168. 

[22]. D. K. Schroder, Advanced MOS devices. Modular series on solid state devices. 1987, 
Addison-Wesley Pub. Co. vii, 247 p.  

 
 



92 

Chapter4. Transient Carrier Buffer InGaAs SPADs 

From the study of the avalanche process under the MOS structure, it has been 

found that the main issue with the InGaAs/InP MOS APDs is the device has very short 

lifetime due to the severe interface trap states. Here, we will propose a new approach, 

Transient Carrier Buffer (TCB), as a solution to the interface problem. The 

development of the TCB InGaAs SPADs has gone through several iterations. In this 

chapter, first, we will describe the operational concept of TCB InGaAs SPADs. Then, 

we will focus on discussing the main design issues, including choosing the material 

system and optimizing the junction configuration. Last, we will present a general 

physical model to describe and provide some of the physics insights of TCB SPADs. 

4.1. Transient Carrier Buffer 

The basic idea of the TCB approach is to create an energy barrier on top of the 

multiplication region by MOCVD growing III-V compound semiconductors with 

properly engineered band-gap energy[1]. The main difference between this approach 

and the previous MOS approach is that this approah allows creating energy barrier 

without introducing the problematic interface traps. In addition, as we will discuss 

later, the accumulation hole releasing process can occur naturally through tunneling 
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process, resulting in device self-recovering.  

 

Figure 4.1. Schematic illustration of the operational concept of TCB SPADs. 

Figure 4.1 schematically illustrates the operational concept of the InGaAs TCB 

SPADs. The energy barrier is created by the valence band offset of the adjacent layer 

to the multiplication region. When the multiplied holes travel towards the cathode, 

they are blocked by the energy barrier and accumulate there. The accumulation holes 

reduce the electric field in the multiplication region through the charge screening 

effect and at certain point, quench the avalanche multiplication process. The 

self-quenching process occurs in a very short timescale (<ns), which is mainly 
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determined by the avalanche build-up time[2]. As will be discussed later, the device 

self-recovering process occurs in a longer timescale (10ns to 1us), which is mainly 

determined by the hole escaping process.  

4.2. Design of TCB SPADs 

Figure 4.2 schematically shows the layers structure of a TCB SPAD, which 

consists of a TCB region on top of a conventional Separate Absorption Multiplication 

(SAM) SPAD. In this section, we will discuss how to create the TCB barrier through 

band-gap engineering of III-V compound semiconductors and how to apply general 

design rules to optimize the SAM structure.  

 
Figure 4.2. Schematic layer structure of the TCB SPADs. 
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4.2.1. Creating the TCB Barrier 

 

Figure 4.3. Energy band diagram of III-V compound semiconductors. 

For InGaAs TCB SPADs, the TCB barrier is created by the valence band offset of 

the adjacent materials in the TCB region and the multiplication region. Most of the 

III-V semconductors are soluble to each other to form alloys. The band-gap energy can 

be accurately adjusted by changing the alloy composition[3, 4]. In figure 4.3, it shows 

the band-gap energy chart of III-V compound semiconductors with different 

compositions. This gives a great flexibility to create the TCB barrier with precisely 

controlled barrier height. Also, more importantly, these III-V compound 

semiconductors can be lattice-matched grown on top of each other through Metal 

Organic Chemical Vapor Deposition (MOCVD), resulting in very low interface trap 

states[5, 6]. 
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Figure 4.4. Band diagram of the first iteration InGaAs TCB APDs showing the TCB barrier 
between InP and InAlAs. 

In figure 4.4, it plots the band diagram of the first iteration InGaAs TCB APD, 

showing vE∆ , the valence band offset between the InAlAs multiplication region and 

the InP TCB region. In this case, the TCB layer is made of InP and the TCB barrier is 

~123mev. The TCB barrier height can be adjusted by changing the TCB layer material. 

As will be discussed later, for the second iteration design, vE∆ is reduced to 80mev by 

replacing the InP TCB with InGaAsP (Eg=1um). 

4.2.2. General Design Rules for SAM 

For SAM SPADs, as shown in figure 4.5, the multiplication region and the photon 

absorption region are physically separate from each other. The absorption region is 
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usually made of InGaAs (Eg=~0.74ev), which has good photo absorption property for 

wavelength up to 1.7um[7]. While the multiplication region is usually made of p-n or 

p-i-n junction with wider band-gap materials, such as InP (Eg=~1.35ev) and InAlAs 

(Eg=~1.48ev) to suppress the tunneling effect at high field condition. 

 

Figure 4.5. Schematic diagram illustrates the preferred electric field distribution in different 
regions of SAM SPADs.  

4.2.2.1. InGaAs Absorption Region  

For SPADs, the Single Photon Detection Efficiency( SPDE ) is one of the most 

important figure of merits. In general, SPDE is the product of the quantum 

efficiencyη and the avalanche probability AVP .  

AVSPDE Pη= ×   (4.1) 



 98

The avalanche probability AVP is defined as the probability for a single carrier to 

initiate a detectable avalanche current pulse and the quantum efficiencyη  is defined 

as the probability of an incoming photon to be absorbed and converted to an electron 

hole pair.  

( ) ( )1 1 expR Lη α= − × − −     (4.2) 

where R is the surface total reflection rate andα is the internal absorption coefficient. 

 

Figure 4.6. Photo absorption coefficient versus photon energy for InGaAs at different 
temperatures[8]. 

In order to achieve good quantum efficiency, anti-reflection coating should 

usually be applied on top of the detector active area to minimize the total reflection 

coefficient R. AR coating is usually formed by multi-layers of dielectric thin films 
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with proper thickness, which can promote quantum efficiencyη by up to ~30% to 

~40%. At current stage of this work, to simply the fabrication process complexity, AR 

coating is not incorporated in the device integration. In this case, η is mainly 

governed by the absorption coefficientα and the thickness of the InGaAs photo 

absorption region. In general, the thickness of photo absorption region L should be at 

least 2 /α . In this way, most of the incoming photons will be absorbed in absorption 

region. Figure 4.6 shows the absorption coefficient versus photon energy for InGaAs 

at different temperatures[8]. For InGaAs, the absorption coefficient at 1.55um is 

41.5 10 / cmα = ×  at T=240K and 41 10 / cmα = × at T=160K. The photon absorbance 

is given by  

( )( / )1 x
absorption inP P e α−= −   (4.3) 

Figure 4.7 shows the calculated light absorption at different absorption region 

depth at 240K and 160K. To achieve good internal quantum efficiency, we design the 

thickness of the InGaAs absorption region to be 1.5um. In this way, the internal 

quantum efficiency is ~94% at room temperature and ~74% at T=160K.  
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Figure 4.7. Photon absorbance versus absorption depth for InGaAs at 160K and 240K. 

To design the absorption region, one also needs to consider the tunneling effect 

since the absorption region material has low band-gap energy. Using the WKB 

approximation, one can derive the tunneling current of direct band-gap material 

InGaAs as[9, 10]: 

*1/ 2 3 / 2
2 exp

2 2
g

t

m E
I E

q E

π 
∝ −  

 
  (4.4) 

where gE is the band-gap energy, *m is the effective mass of the tunneling carrier, E is 

the electric field. The tunneling current is sensitive to the local electric field. The 

higher electric field leads to higher tunneling current. For InGaAs, the electric field 

should keep below 51.5 10 /V cm× at any cost to avoid severe tunneling current[11-13].   
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On the other hand, at the operation condition, the InGaAs absorption region 

should be fully depleted and the electric field in the absorption region at operation 

condition should be designed higher than 45 10 /V cm×  In this way, the generated 

photo carriers can be swept into the multiplication region at close to their saturation 

velocities[7]. This can greatly reduce the transient time /t L vτ = . In addition, this also 

reduces the chance for photo carriers to recombine before they reach the multiplication 

region.  

4.2.2.2. Multiplication Region 

Because very high electric field is required in the multiplication region to achieve 

high avalanche gain, the multiplication region is usually made of high band-gap 

materials such as InP or InAlAs to keep low tunneling effect[14, 15]. In this work, we 

choose InAlAs as the multiplication material because, 

1) To create the TCB barrier, the valence-band edge of multiplication material 

needs to be higher than that of the TCB layer. InP has the lowest valence 

band edge, which makes it difficult to be used with other compatible III-V 

materials to form the TCB barrier (for holes). 

2) InAlAs has higher band-gap energy (1.48ev) versus InP (1.35ev). Thus, at 

the same electric field condition, the tunneling effect in InAlAs is expected 
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to be lower than InP. 

In general, at the operation bias, the maximum electric field across the junction 

should be higher than the breakdown field. In figure 4.8, it shows the measured 

breakdown condition for InAlAs p-i-n junction with different intrinsic region (high 

field region) width by Y. L. Goh, etc.[16]. For junction with wider intrinsic region, as 

expected, the corresponding breakdown field is lower. This is because charge carrier 

triggers the ionization events along its way traveling from one side of the junction to 

the other side, the wider the multiplication region the better chance that the carrier 

triggers ionization events. From the measurement results, for the multiplication region 

of 0.2um width, the breakdown field is ~ 57 10 /V cm× . As will be shown later, the 

simulated breakdown field is lower for the same junction configuration. The 

discrepancy could rise from the specific process conditions used in fabricating the 

junctions in the measurement. Note that the data from literatures or simulations only 

provide a reference point for the device design. The actually device structure needs to 

be fine-tuned based on experimental results.  
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Figure 4.8. Measured breakdown condition for InAlAs p-i-n junction with different intrinsic region 
width[16]. 

4.2.2.3. Timing Resolution 

Timing resolution of III-V SPADs is mainly contributed from by four components: 

avalanche build-up time AVτ , diffusion time diffτ , transient time tτ  and RC limit from 

the readout circuit[17].  

AVτ is defined as how long it takes for an avalanche process to develop from its 

initiation to a certain gain level.  It is largely determined by the avalanche gain and 

the carrier transient time across the multiplication region.  

2 / 2.4diff difL Dτ = is the average diffusion time required for minority photo carriers 
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generated in non-depleted absorption region to diffuse to the depletion region. When 

an absorption region is not completely depleted, this term could cause severe device 

timing jitter. Thus, in general, a SAM SPAD should be designed in such way that the 

absorption region is completely depleted at the operation condition.  

The transient time tτ  is the average time for minority photo carriers to drift across 

the photon absorption region. When the electric field in absorption is higher 

than 45 10 / seccm× , tτ is determined by the maximum drift velocity of minority 

carrier maxv and the width of the absorption region aW , i.e., max/t aW vτ = . For 1.5um 

thick InGaAs absorption layer, assuming the maximum hole drift velocity in InGaAs 

is 6
max 7 10 / secv cm= × [7], we can estimate the transient time to be ~46ps, which is 

theoretically the lower limit of the device timing resolution.   

The response time of the readout circuit of an III-V SPADs is usually limited by 

the RC components in the circuit. It can be expressed as ( )RC APD Load APDR R Cτ = + × , 

where APDR is the internal resistance of SPADs and is determined by the substrate 

doping concentration and thickness, LoadR is the load resistance of the readout circuits, 

/APD s MC S Wε= ⋅ is the SPADs capacity and is mainly determined by the width of the 

multipliation region, WM. In general, the RC time constant can be optimized by 

adjusting the doping profile as well as the pixel size.  
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4.2.2.4. Summary 

The general design rules of SAM APDs are based on the considerations of 

optimizing the device detection efficiency, the dark current and the device timing 

resolution. Table 4.1 summaries the general design rules for SAM SPADs. 

Table 4.1. General design rules of the electric field in different regions of a SAM SPAD. 

Field conditions Reason 

45 10 /aE V cm> ×  Photon carriers drift to the multiplication 
region at their saturation velocity 

51.5 10 /aE V cm< ×  To avoid severe tunneling effect in the 
absorption region 

m brE E>  To achieve high gain for single photon 
detection 

57.5 10 /mE V cm< ×  To avoid severe tunneling effect in the 
multiplication region 

Note that in practice, these figures of merit are mutually correlated to each other. 

For example, increasing electric field in the multiplication region and absorption 

region can promote the detection efficiency and the timing resolution. However, it can 

cause higher tunneling current and result in higher dark counts. A wider absorption 

region can increase the quantum efficiency. However, it will also result in longer 

transient time. Thus, trade-offs are usually made to optimize the device performance 
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for specific applications.  

4.2.3. Design The Layers Structure  

In this section, we will discuss how to apply the general design rules to design the 

multiplication region and the absorption region in the InGaAs TCB SPADs.  

4.2.3.1. Solving Poisson’s Equation 

When a p-i-n junction is reversely biased, majority carriers on each side start to 

deplete as the bias increases. During this process, electric field builds up across the 

junction. The electric field distribution is determined by the bias voltage together with 

the doping profile on each side of the junction. Analytical solution can be derived by 

solving Poisson’s equation with proper approximations. From Poisson’s equation: 

2

2

( )

s

V E x
xx

ρ
ε

∂ ∂
− = =

∂∂
  (4.5) 

Table 4.2. Material parameters in each regions 

Position Material Dielectric constant(ε ) Doping level 
P region InAlAs 12.5 Na 

Intrinsic region InAlAs 12.5 1 15Ni E=  

N region InAlAs 12.5 Nd 

Absorption region InGaAs 13.9 1 15Ni E=  

N+ substrate InP 12.5 2 18N E+ =  
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In figure 4.9, it schematically illustrates the electric field distribution in a SAM 

structure under different bias conditions. 

 

Figure 4.9. Schematic illustration of the electric distribution in a SAM structure under 
different bias conditions. 

To solve the Poisson’s equation, the following assumptions are made to simplify 

the problem without compromising the physics insights. 

1. The junction is abrupt pin junction, i.e., the doping concentration changes 

abruptly from one region to its adjacent region. 

2. The peripheral effect is ignored so that the Poisson’s equation can be 

simplified to a 1-D problem. 

3. The interface effect on the electric filed distribution is neglected.  
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4.2.3.1.1. Low Reverse Bias Condition 

When the reverse bias V is lower than V2, as we can see from the lowest curve in 

figure 4.9, the N side region is not completely depleted. In this case, by integrating 

Poisson’s equation, we have the electric field distribution in each region, 

( )
( ) ,p

p
InAlAs

eNa x x
E x x x

ε
+

= − > −   (4.6) 

( ) 0p
i

InAlAs InAlAs

e Na x e Ni xE x x x
ε ε

= − + < <   (4.7) 

( )
( ) p i i

i n
InAlAs InAlAs InAlAs

e Na x e Ni x e Nd x x
E x x x x

ε ε ε
−

= − + + < <   (4.8) 

Elsewhere, the electric field is zero. Here, we have assumed the electric field is 

pointing towards the positive axis direction. From the charge neutral condition, the 

total depleted charge on P side equals the total depleted charge on N side,  

( )p i n iNa x Ni x Nd x x= + −   (4.9) 

The maximum electric field can be calculated, 

( )( )i n ip
m

InAlAs InAlAs

e Ni x Nd x xe Na x
E

ε ε
+ −

= =   (4.10) 
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4.2.3.1.2. Punch-Through Voltage 

As the reverse bias voltage increases, the depletion region on both the P side and 

the N side extends and the maximum electric field becomes higher. When the total 

voltage drop across the junction reaches V2, as shown in figure 4.8, the N side 

becomes fully depleted, i.e., 0n nx x= . At this condition, the maximum field is, 

( )( )0i n ip
m

InAlAs InAlAs

e Ni x Nd x xe Na x
E

ε ε
+ −

= =    (4.11) 

The total voltage drop across the junction can be calculated as: 

( )22 2
0 0 0

2

2 2 ( )
2

p p n i n i i n i
r bi

InAlAs

e Na x e Na x x e Ni x e Nd x x e Ni x x x
V V V

ε
+ − − − − −

= + =

  (4.12) 

Since ,Ni Na Nd<< ,  

( )22
0 0

2

2
2

p p n n i
r bi

InAlAs

e Na x e Na x x e Nd x x
V V V

ε
+ − −

= + ≅   (4.13) 

where rV is the reverse bias applied to the device and 2ln a d
bi

i

N NkTV
e N

 
=  

 
is the 

junction build-in potential. Because from this point, the electric field starts to penetrate 

into the absorption region, V2 is often called punch-through voltage. As we will see 

from measured I-V curves, at the punch through voltage, a clear photocurrent increase 

is usually observed due to the electric field penetration.  
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4.2.3.1.3. Breakdown Condition 

As the voltage further increases, the absorption region starts to deplete. The 

electric field distribution in each region becomes, 

( )
( ) ,p

p
InAlAs

eNa x x
E x x x

ε
+

= − > −   (4.14) 

( ) 0p
i

InAlAs InAlAs

e Na x e Ni xE x x x
ε ε

= − + < <   (4.15) 

0
( )

( ) p i i
i n

InAlAs InAlAs InAlAs

e Na x e Ni x e Nd x x
E x x x x

ε ε ε
−

= − + + < <   (4.16) 

0 0
0

( ) ( )
( ) p i n i n

n a
InAlAs InAlAs InAlAs InGaAs

e Na x e Ni x e Nd x x e Ni x x
E x x x x

ε ε ε ε
− −

= − + + + < <   (4.17) 

0 0( ) ( ) ( )
( ) p i n i a n d a

a s
InAlAs InAlAs InAlAs InGaAs InGaAs

e Na x e Ni x e Nd x x e Ni x x e N x x
E x x x x

ε ε ε ε ε

+− − −
= − + + + + < <

  (4.18) 

The charge neutral condition becomes,  

( ) ( )
( ) ( )

0 0

0 0

( )

( )
p i n i a n s a

i n i a n s a
p

Na x Ni x Nd x x Ni x x N x x

Ni x Nd x x Ni x x N x x
x

Na

+

+

= + − + − + −

+ − + − + −
=

  (4.19) 

As we have discussed previously, the requirement for SAM SPAD is that, at the 

operation condition,  
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From equation 4.15 and 4.17, beyond the punch through voltage, the maximum 

electric field in multiplication region and the electric field in absorption region both 

increase as the reverse bias increases. The difference between the electric field in the 

absorption region and in the multiplication region is given by 

0( )i n i
m a

InAlAs InAlAs

i n

InAlAs InAlAs

e Ni x e Nd x x
E E E

e e
ε ε

σ σ
ε ε

−
∆ = − ≅ +

= +
  (4.20) 

where iσ is the depleted charge density per unit area in the intrinsic region and nσ is the 

total depleted charge density per unit area in the N region. Since i nσ σ<< , the field 

different is mainly determined by the charge density in the N region.  

In figure 4.10, it plots mE , the maximum field in multiplication region versus aE , 

the electric field in absorption region with different junction configurations. For a 

0.2um intrinsic region width, the breakdown field is 57 10 /brE V cm≅ ×  according the 

experimental results from Y. L. Goh[16]. The rectangular region indicates the 

parameter space within which the field requirement can be satisfied. As can be seen, 

when the total depleted charge density in N region is too high ( 12 24.8 10 /n cmσ > × ), 

the electric field in absorption region is too low even when the electric field in 

multiplication region already reaches the tunneling threshold. On the other hand, when 
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the total depleted charge density in N region is too low ( 12 23.8 10 /n cmσ < × ), the 

electric field in absorption region becomes higher than the tunneling threshold level 

before the electric field in multiplication region reaches breakdown. Thus, the total 

depleted charge density nσ should be controlled within a range 

12 3 12 33.8 10 / 4.8 10 /ncm cmσ× < < × .  
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Figure 4.10. The electric field in absorption region versus the electric field in multiplication region 
for SAM structures with different charge density in the N region. 

An estimation of breakdown voltage can also be calculated by integrating the field 

across the entire device. In figure 4.11, it shows the calculated breakdown voltage 

versus the doping concentration for difference charge densities and intrinsic region 

thicknesses. As we can see, for a given intrinsic region width it , lower charge density 

in N region results in higher the breakdown voltage. On the other hand, for a given 
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charge density, lower doping concentration also results in higher breakdown voltage. 
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Figure 4.11. Calculated Breakdown voltages for different junction configurations. 

In summary, by solving the Poisson’s equation, we derive the simple relation 

among the electric field distribution, device reverse bias and the junction 

configurations such as doping concentration and junction width. These results provide 

a basic guideline to optimize the device design.   

4.2.3.2. Silvaco Simulation 

SILVACO is a physically-based simulator package, which can predicate electrical 

characteristics that are associated with specified physical structure and bias conditions. 

In this section, it will discuss some SILVACO simulations to study the relation 
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between device breakdown condition and the device design parameters. 

4.2.3.2.1. Setup The Simulation Condition  

 
Figure 4.12. TCB InGaAs SPAD layer structure specified to be simulated in SILVACO. 

 In figure 4.12, it shows a layer structure specified to be simulated in SILVCACO. 

The initial simulation conditions are based on the previous analysis by solving 

Poisson’s equation and are listed in table 4.3. As we learned from the previous analysis, 

the electric field distribution is most sensitive to the condition of N layer of the InAlAs 

p-i-n juncition. Thus, tn and Nd will be carefully tuned in simulation to study their 

impact to the device breakdown behavior. In this work, since we are most interested in 

the device breakdown condition, we have specified impact ionization model with 

reported ionization parameters for InAlAs[18]. 
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Table 4.3. Layers structure parameters specified in simulation 

Material Thickness (um) Doping concentration (#/cm3) 
InGaAsP (Eg=1.0um) 0.5 P 1E15 
InAlAs 0.3 P 1E15 
InGaAsP(Eg=1.0um) 0.3 P 1E15 
InAlAs  p 0.6 P 2E17 
InAlAs  i 0.2 1E15 
InAlAs  n tn  TBD Nd  TBD 
InGaAs 1.5 P 1E15 
InP substrate n+ 10 N 2E18 

4.2.3.2.2. Breakdown And Punch-through Condition 

In figure 4.13, it shows the simulated I-V characteristic of a structure with 

170.2 , 2 10n dt m Nµ= = × , showing the punch-through voltage as well as the 

breakdown voltage. Knowing the punch-through voltage and the breakdown voltage 

allows simulation of the electric field distribution at these conditions.  
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Figure 4.13. Simulated I-V characteristic showing the breakdown voltage and the 
punch-through.voltage. 
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In figure 4.14, it shows the electric field distribution at 22volt (punch-through) 

and 35volt (breakdown). At 22 volts , the N layer becomes just depleted and the 

electric field is starting to penetrate into the InGaAs absorption region, which results 

in the current increase at that voltage. As the voltage is increased to 35volt, the electric 

field in the absorption is increased to ~ 47 10 /V cm×  and the peak electric field in the 

junction becomes ~ 56.3 10 /V cm× , indicating the breakdown field for this 

configuration. Even though the breakdown field from simulation is lower than what 

was reported in Y. L. Goh’s work[16], the physical insights are in agreement with the 

previous analysis by solving Poisson’s equation. 
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Figure 4.14. The electric field distributions at the breakdown condition and the punch-through 

condition. 
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4.2.3.2.3. Effect of N Layer Charge Density 
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Figure 4.15. Simulated I-V characteristics for different charge densities in the N region. 
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Figure 4.16. Effect of the N region charge density on the breakdown voltage and the punch-through 
voltage. 

The electric field distribution is sensitive to the charge density of the N layer of 
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the pin junction. Figure 4.15 shows the I-V curves with different N layer charge 

density. As the charge density in N layer increases, the punch-through voltage 

increases and the breakdown voltage decreases accordingly. The trend is in agreement 

with previous analysis. In figure 4.16, it plots the breakdown voltage as well as the 

punch-through voltage versus the total charge density in N layer. As we can see, when 

the charge density in N layer becomes too high (> 12 24.4 10 / cm× ), the punch-through 

voltage becomes close to the breakdown. As a result, the electric field in the 

absorption region is too low at the breakdown condition, resulting in low quantum 

efficiency. On the other hand, when the charge density in N layer becomes too low 

(< 12 23.6 10 / cm× ), the breakdown voltage is much higher than the punch-through 

voltage. This could result in very high electrical field and cause high tunneling current 

in the InGaAs absorption region. 

 In figure 4.17, it illustrates the effect of nσ ,the charge density in the N layer on the 

electric field distribution at the breakdown condition. As we can see, for low nσ , the 

electric field in the absorption region is ~ 52.8 10 /V cm× , which is too high and could 

cause severe tunneling effect. For high nσ , the electric field in the absorption region 

becomes zero, which could severely degrade the quantum efficiency. The right 

condition is indicated by the red curves for which 12 24 10 /n cmσ = × and the electric 

field in the absorption region is 4~ 7 10 /V cm× .  
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Figure 4.17. The electric field distributions at the breakdown condition for different N region 
charge densities. 

 In conclusion, the simulation results show good agreement with the analysis by 

solving Poisson’s equation. It is found that nσ ,the total charge density in N layer plays 

the important role that determines the electric field distribution at the breakdown 

condition. The simulation results as well as the previous analytical analysis provide a 

guideline and some initial device parameters for the designing of the InGaAs TCB 

SPADs layers structure.  

4.3. TCB SPADs Modeling 

`For TCB SPADs, TCB quenching layer plays a very important role in how the 

device functions. When an avalanche current pulse is triggered, the device relies on 

TCB quenching layers to quench the avalanche process thus protect the device from 
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being damaged by thermal runaway. After avalanche current is quenched, 

accumulation charge carriers need to escape from the TCB barrier to reactivate the 

device.  

To better understand the physical insights of the self-quenching and 

self-recovering process, a physical model is developed in this work to formulate the 

device charateristics. One of the unique contributions of this physical model is its 

capability to couple the negative feedback mechanism into the impact ionization 

process. In this way, the model has successfully simulated the device characteristics 

above the breakdown condition, where most of the commercial simulators have failed 

to simulate. Even though, the focus in the current work is to understand the intrinsic 

self-quenching and self-recovering process of the TCB SPADs, with proper 

modification of the input function in future work, the model could also be used to 

simulate the more sophisticated effects, such as the dark count effect and the 

after-pulsing effect.  
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4.3.1. TCB SPADs Modeling 

 

Figure 4.18. Schematic illustration of the simplied structure used for TCB modeling. 

For modeling purpose, the device structure is simplified essentially to three 

regions: photo absorption region, multiplication region (thickness=W) and TCB region 

(thickness=L), as shown in figure 4.18.  

In the multiplication region, from the continuity condition, we have 

( ) ( )

( ) ( )

,

,

p p p n n

n p p n n

p x t de J x J J
t dx

n x t de J x J J
t dx

β α

β α

∂
= − + +

∂
∂

− = − − −
∂

  (4.21) 

where n , p are the electron concentration and hole concentration, ( )nJ x , ( )pJ x are the 

electron current density and hole current density, nα , pβ are the impact ionization 
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coefficients of electron and hole respectively. If we neglect the diffusion current and 

assume the electrons and holes travel at their saturation velocities in the multiplication 

region, equation 4.21 can be rewritten as, 

( ) ( )

( ) ( )

,1

,1

p
p p p n n

p

n
n p p n n

n

J x t d J x J J
v t dx

J x t d J x J J
v t dx

β α

β α

∂
+ = +

∂

∂
− = +

∂

  (4.22) 

Where nv , pv are the saturation velocity of electron and hole respectively. The total 

current is the sum of the electron current, hole current and displacement current. 

( ) .M M
dis n p n p p

dV dVJ J J J J J J W indep of x
W dt W dt
ε ε

= + + = + + = + =   (4.23) 

From equation 4.22 and equation 4.23, we have 

( ) ( ) ( ),1 ,p M
p p p n p

p

J x t dV t
J x t J J J

v t x W dt
εβ α

∂  ∂
+ = + − − ∂ ∂  

  (4.24) 

 From equation 4.22, we also have 

( ) ( ), ,1 1p n

p n

J x t J x t
v t v t

∂ ∂
=

∂ ∂
  (4.25) 

Plug equation 4.25 to equation 4.24, we can have, 

( ) ( ) ( ) ( ) ( )2

2

,1 1 ,pM M
p p p n p

n n

J x tdJ t d V t dV t
J x t J J J

v dt W dt v t x W dt
ε εβ α

  ∂  ∂
− − + = + − −   ∂ ∂   

   (4.26) 
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Performing ( .4.24) ( .4.26)p nv equ v equ+ and rearrange terms, we obtain, 

( ) ( ) ( ) ( ) ( )2

2

1, M M
p p n p n

p n

dV t dJ t d V t
J x t J J

x W dt v v dt W dt
ε εβ α α

  ∂
= − + − − −  ∂ +   

   (4.27) 

Solving equation 4.27, we have 

( ) ( ) ( ) ( ) ( ) ( )2

2

1 1 10 1 M MAW AW
p p n n

p n p n

dV t d V tdJe J W J e J t
A v v dt W dt W v v dt

ε εα α− −
 

− = − − − + 
+ +  

   (4.28) 

where p nA β α= − . From the continuity equation at the TCB barrier, we have 

( ) ( )1 Mi i i M
p

e e

dV tQ Q QJ J W
t e e W dt

ε
τ τ

 ∂
= − + = − + + ∂  

  (4.29) 

where iQ is the sheet charge density at the interface between the multiplication region 

and the TCB region, eτ is the escape time of holes from the interface. The value of eτ is 

determined by the TCB barrier condition, such as the TCB barrier heights and the 

barrier thickness. eτ will be treated as a device parameter in the model. From equation 

4.29, the total current density and the multiplied hole current at x W= can be given as, 

( ) ( )M
M

e

d V V t
J V V

L dt L
ε ε

τ
−  = + −   (4.30) 

( ) ( ) ( )1 1 M
p M

e

d V V t
J W V V

L W dt L
εε
τ

−    = + + − 
 

  (4.31) 
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To model the single photon reponse, we assume a photocarrier enters the 

multiplication at 0t = and the boundary condition can be given as: 

( ) ( )0,p
eJ x t t
S

δ= =   (4.32) 

From equation 4.28, 4.30, 4.31 and 4.32, we obtain equation 4.33. The /MdV dt , 

2 2/Md V dt terms have been replaced by ( ) /Md V V dt− − and ( )2 2/Md V V dt− −  since 

the total bias V across the device is a constant. 

( ) ( ) ( )
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2

2

1 1 11 1 11 1 1
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11 1 ( )
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e e
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A v v W dt W A A v v dt

e eLV t e
A S
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α δ
τ τ ε
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 −
 − =
 
 

   (4.33) 

In equation 4.33, pv , nv , ( ) ( )p nA E Eβ α= − are the device material parameters. 

The electron and hole ionization coefficients are formulated using Selberherr’s 

model[19], 

( ) 0 exp
nm

n
n n

cE
E

α α
  = −  

   
  (4.34) 

( ) 0 exp
pm

p
p p

c
E

E
β β

  
= −  

   
  (4.35) 

where 0nα , 0pβ , nc , pc , nm and pm are to be defined based on the multiplication region 

material. Theoretically, these parameters have different values between low field 
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condition and high field. To simply the problem, we use the values for high field 

condition, which is of the most interest to us. In table 4.4, it lists the device material 

parameters. Next, we will discuss the simulation results based on the above model 

withW , L , eτ as the device parameters. 

Table 4.4. Material parameters used in the model for InAlAs[18] 

Material parameters 

0nα (/cm) 0pβ (/cm) nc (V/cm) pc (V/cm) nm  pm  nv (cm/sec) pv (cm/sec)

4.17E6 2.65E6 2.09E6 2.79E6 1.2 1.07 1E7 1E7 

4.3.2. Self-quenching And Self-recovering 

By solving the equation 4.33 numerically, we can obtain the single photon 

avalanche response of a TCB device, showing the self-quenching and the 

self-recovering process.  
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Figure 4.19. (a) Single photon response showing the total current, junction displacement current 
and the multiplied hole current. (b) Zoom-in of the TCB discharge, showing the displacement 

current dominants during the discharge process. 

In figure 4.19, it shows the simulation result of the current response from a TCB 

device with 0.2W mµ= , 0.8L mµ= , 2100S mµ= and 1e nsτ = . From equation 4.23, the 
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total current is the sum of the junction displacement current and the multiplied hole 

current. In figure 4.19(a), it shows that during the avalanche build-up process and the 

self-quenching process, the displacement current, M
Dis

dVI
W dt
ε

= shows a negative 

spike, indicating a sharp drop of MV , the voltage across the multiplication region. Then, 

both the multiplied hole current ( )pJ W and the displacement current quickly go back 

to close to zero, showing the self-quenching process. In figure 4.19(b), it shows the 

zoom-in of the TCB discharge process. As we can see, during the discharge process, 

the avalanche current is zero, indicating a complete quenching of the avalanche 

process. The total current is dominated by the displacement current, which discharges 

the TCB layer and recovers the device.  

In the same time, in figure 4.20, it shows how VTCB, the voltage across the TCB 

region changes accordingly. Initially, the device is biased 1 volt above its breakdown 

voltage and VTCB is zero. At the onset of the avalanche current, VTCB quickly increases 

to ~2V, due to the hole accumulation at the TCB barrier. This occurs in a time scale 

similar to the avalanche build-up process. As a result, VM is reduced to ~1volt below 

the breakdown and the avalanche process quickly stops. After the avalanche is 

quenched, VTCB starts to decrease back to zero. The device recovering time is 

determined by how fast VTCB can go back to its initial value. 
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Figure 4.20. Simulation of the voltage change across the TCB region. 

4.3.3. Multiplication Gain 

In general, the avalanche gain is defined as the number of charge carriers 

generated during the avalanche process. For the conventional APDs, when the device 

is biased above the breakdown voltage, the avalanche gain can become infinity, 

resulting in thermal runaway. Thus, the conventional Geiger-mode APDs must always 

operate with external quenching circuits. For the TCB SPADs, because of the built-in 

negative feedback mechanism, the intrinsic multiplication gain can be defined as the 

number of carriers generated before the avalanche process is quenched and it can be 

calculated by integrating the area under Jp(W). In figure 4.21, it shows the simulation 

result of the multiplication gain versus the overbias for 0.2W mµ= , 
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0.8L mµ= , 2100S mµ= and 10e nsτ =    
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Figure 4.21. Calculated multiplication gain versus the overbias. 

As the overbias increases, the multiplication gain increases in a linear fashion. 

This result is consistent with the earlier Shushakov’s model [2], which has modeled 

the TCB region as an ideal capacitor.  

In figure 4.22, we also calculate the multiplication gain with different TCB 

thicknesses. As the TCB thickness decreases, the avalanche gain increases. This could 

be explained by that for a thinner TCB region, the effective capacitance of TCB layer 

becomes higher. Thus, to achieve given voltage drop, it requires more accumulation 

charges at the TCB barrier. In the extreme case, when the TCB region thickness is 

reduced to zero, it would require “infinite” charge to quench the avalanche, resulting 
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in infinity gain. In this case, the device behaves just like a conventional Geiger-mode 

APD. 
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Figure 4.22. Simulation of multiplication gain with different TCB layer thicknesses. 

4.3.4. Self-recovering Process 

The self-recovering process is largely determined by how fast the TCB barrier can 

be discharged after an avalanche is quenched. From equation 4.31, after an avalanche 

is quenched, Jp(W) becomes zero and the voltage recovering process follows an 

exponential trend with a time constant of 1e
L

W
τ  + 

 
. Figure 4.23, it shows how the 

voltage changes for different TCB thicknesses. As we can see, theoretically, the 

self-recovery time could be affected by both the TCB thickness and the hole escaping 

time constant.  
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Figure 4.23. The effect of the TCB thickness to the voltage recovering. 

4.3.5. Summary 

In this section, we proposed a physical model to describe the self-quenching and 

the self-recovering process of the TCB SPADs. The model shows that the device 

response to a single photon can be separate into two processes with different time 

scales. First, the avalanche builds up with a very short time scale, which is mainly 

determined by the carrier transient time in the multiplication region, ~20ps. As a result, 

the voltage across the multiplication region drops quickly, resulting in the avalanche 

self-quenching. Then, in a longer time scale, which is mainly determined by the device 

configuration as well as the escaping time constant, the multiplication region voltage 

recovers slowly back to its initial level, resulting in the device self-recovering. It is 
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also found that the avalanche gain is sensitive to the TCB region thickness as well as 

the device overbias, which is in agreement with the earlier model developed for 

MOS-APDs.  

In future work, by properly choosing the input function, the model can also be 

used to simulate some of the more complicate effects, such as the dark count effect 

and the after pulsing effect.  Even though, for the current model, it can not be used to 

model the statistically behaviors of TCB SPADs, as an ongoing work, we are 

modifying the model by introducing random variables and their probability functions. 

In this way, it could be possible to use the model to study the statistical behaviors, 

such as avalanche probability, gain distribution, excess noise and timing jitter of  the 

TCB SPADs.  
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Chapter5. InGaAs TCB SPADs Fabrication and 

Characterization 

This chapter will first describe the device fabrication process and provide detailed 

discussion on some of the critical process steps. Key experimental results, including 

DC and single photon detection characteristics of prototype device, will then be 

presented. The main demonstration of TCB InGaAs SPADs is the capability of 

free-running mode operation for single photon detection in contrast to the gated mode 

operation for conventional III-V SPADs. The prototype devices also demonstrate 

much-suppressed excess noise characteristics benefiting from the built-in negative 

feedback[1, 2].  

5.1. Layer Structure and Device Fabrication 

The development of TCB InGaAs SPADs has gone through several iterations, 

involving modification of the device layer structure as well as improvement of the 

device fabrication process. In this section, first, a detailed description of the device 

epi-layers structure will be reviewed, and then the fabrication process for the mesa 

structure with polyimide passivation will be described. 
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5.1.1. Layer Structure 

The actual epi-layers structure of TCB InGaAs SPADs is designed based on the 

general design rules described in the previous chapter as well as the actual 

experimental results. Table 5.1 shows the layer structure of the third design iteration, 

from which most of the experimental results to be discussed were generated. As a 

reference, the previous two iteration structures are also listed in table 5.2 and table 5.3.  

Table 5.1. Epi-layers structure of the 3rd iteration design.  

Function 
Layer 

number 
Material 

Thickness
(um) 

Doping 
concentration(cm-3) 

Band-gap
(eV) 

0 N+ InP substrate -- 2~8E18 1.35 
 

1 N-InP buffer 0.5 1E17 1.35 

Absorption 2 U-InGaAs 1.5 ~1E15 0.74 

3 U 1.55um InGaAsP 0.03 ~1E15 0.8 

4 U-1.3um InGaAsP 0.03 ~1E15 0.95 
band-gap 

grading layers 
5 U-1.1um InGaAsP 0.03 ~1E15 1.13 

6 N-InAlAs 0.217 2E17 1.48 

7 U-InAlAs 0.2 ~1E15 1.48 
p-i-n 

multiplication 
8 P-InAlAs 0.6 2E17 1.48 

9 U-1.0um InGaAsP 0.3 ~1E15 1.24 

10 U-InAlAs 0.3 ~1E15 1.48 
TCB quenching 

layers 
11 U-1.0um InGaAsP 0.5 ~1E15 1.24 

12 U-InP 0.1 ~1E15 1.35 
 

  13 P+ 1.3um InGaAsP 0.05 1E18 0.95 
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In order to obtain devices with good performance, it is critical to minimize the 

material defect density as well as to precisely control the physical parameters of the 

epi-layers, which include the thickness and the doping concentrations of each layer. In 

this work, the epi-layers are grown lattice-matched on InP substrate by Metal-Oganic 

Chemical Vapor Deposition process (MOCVD)[3]. A thin layer of n-type InP buffer 

layer is deposited before the InGaAs absorption layer to smooth out the growth 

transition and thus guarantee the InGaAs quality. The multiplication region is formed 

by InAlAs p-i-n junction. In between InAlAs multiplication region and InGaAs 

absorption region, band-gap grading layers are introduced to reduce the band-gap 

discontinuity effect[4], which could hinder the transportation of photo-generated holes 

from InGaAs absorption region to InAlAs multiplication region. TCB quenching 

layers are grown next to the multiplication region to create the energy barrier. The 

purpose of the top thin InP layer (layer# 12) is to provide an etch stop layer for use 

later in the device fabrication process. The heavily doped P+ InGaAsP (layer#13) is 

used to form an ohmic contact with top metal electrode[5].  

Compared to the previous two epi-layers structures, the epi-layers structure of the 

third iteration have been modified to adjust the TCB quenching layers as well as the 

configuration of multiplication layers. As we will discuss later, those adjustments are 

based on experimental results and have made a significant impact on the device 
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performance.  

Table 5.2. Epi-layers structure of the 2nd iteration design. 

Function 
Layer 

number 
Material 

Thickness
(um) 

Doping 
concentration(cm-3) 

Band-gap
(eV) 

0 N+ InP substrate -- 2~8E18 1.35 
 

1 N-InP buffer 0.5 1E17 1.35 

absorption 2 U-InGaAs 1.5 ~1E15 0.74 

3 U 1.55um InGaAsP 0.03 ~1E15 0.8 

4 U-1.3um InGaAsP 0.03 ~1E15 0.95 
Band-gap 

grading layers 

5 U-1.1um InGaAsP 0.03 ~1E15 1.13 

6 N-InAlAs 0.25 2E17 1.48 

7 U-InAlAs 0.2 ~1E15 1.48 
p-i-n 

multiplication 

8 P-InAlAs 0.6 2E17 1.48 

9 U-1.0um InGaAsP 0.3 ~1E15 1.24 

10 U-InAlAs 0.3 ~1E15 1.48 
TCB quenching 

layers 

11 U-1.0um InGaAsP 0.5 ~1E15 1.24 

12 U-InP 0.1 ~1E15 1.35 
 

  13 P+ 1.3um InGaAsP 0.05 1E18 0.95 
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Table 5.3. Epi-layers structure of the 1st iteration design. 

Function 
Layer 

number 
Material 

Thickness 
(um) 

Doping 
concentration(cm-3) 

Band-gap
(eV) 

0 N+ InP substrate -- 2~8E18 1.35 
 

1 N-InP buffer 0.5 1E17 1.35 

absorption 2 U-InGaAs 1.5 ~1E15 0.74 

3 N-InAlAs 0.4 1E17 1.48 p-i-n 
multiplication 4 P-InAlAs 0.67 1E17 1.48 

5 U-InP 0.3 ~1E15 1.24 

6 U-InAlAs 0.3 ~1E15 1.48 
TCB quenching 

layers 

7 U-InP 0.5 ~1E15 1.24 

   8 P+ 1.3um InGaAsP 0.05 1E18 0.95 

5.1.2. Device Fabrication  

For the development of the device fabrication process, the main consideration is 

to reduce the dark current as well as enhance the device reliability.  

5.1.2.1. Device Configuration 

In figure 5.1, SEM pictures of actual finished devices are shown. The device has 

adopted a top illumination design and has a polyimide passivated mesa structure. As 

shown in figure 5.2, the active region of the device is defined by etching a circular 
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mesa all the way to the InGaAs absorption region. The exposed surface after the 

etching process is coated by cured polyimide, which serves as a good insulating layer 

to isolate the devices from one another[6]. A ring shaped Au/Ti alloy around the mesa 

edge forms the top electrode. Then, through a coplanar metal waveguide, the top 

electrode is connected to a larger contact pad sitting on the polyimide surface. The 

thick metal contact pad is designed for later on measurement probing and 

wire-bonding. On the backside of the device, Au/Ge alloy is deposited as the bottom 

electrode.  

(a) (b) 

Figure 5.1. (a) SEM picture of a group of Mesa devices with different active areas. (b) zoom-in 
look of a device with 60um diameter. 
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Figure 5.2. Schematic illustration of the mesa device cross section. 

This simple mesa configuration provides several benefits to the device 

performance. Because the size of the mesa island is only slightly larger than the 

photoactive area, which usually is small (10 to 60um in diameter), the dark current 

level can be controlled to a low level. The top illumination window provides good 

optical clearance for the incoming photon signals. The mesa structure is also known to 

prevent the so-called edge breakdown, which is usually suffered by planarr high-field 

devices[7]. The polyimide passivation layer can prevent device degradation and 

enhance device reliability[6].   
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5.1.2.2. Device Fabrication Process Flow 

 

Figure 5.3. Fabrication process flow for the TCB InGaAs SPADs with polyimide passivated mesa 
structure device. 

Figure 5.3 illustrates the fabrication process flow of the mesa device. 

Wafer preparation: To prepare the epi-wafer, we first polish the backside of the 

wafer by doing a chemical/mechanical polishing using alumina micro powder. In this 

way, the backside roughness can be greatly reduced so that reliable a backside contact 

can be formed later on.  
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Top and bottom electrode formation: To form ohmic-like top p-type contact, the 

epi-wafer is designed to have a heavily doped p+ InGaAsP top layer and the top 

electrode metal is chosen to be Ti (200A) and Au (1500A). To make the top p contact, 

the p+ InGaAsP layer is etched into circular mesa patterns by H2SO4: H2O2:H2O 

(1:1:10) after wafer cleaning. Shipley S1818 positive photoresist is used as the etch 

mask, and the top InP layer is used as the etch stop layer. A ring electrode pattern is 

then defined by negative photoresist NR-9 1500py. The top ring electrode is formed by 

e-beam deposition of 20 nm Ti and 150 nm Au followed by a metal “lift-off” process. 

The bottom electrode is formed by e-beam deposition of 80 nm Ge and 120 nm Au. 

All contacts are then annealed at 400C for 30 seconds using a rapid thermal annealing 

(RTA) furnace to reduce the contact resistance.      

Mesa etching: The mesa structure formation is critical to reduce the device dark 

current and to provide isolation from device to device. In this work, the mesa structure 

is created by a two-step wet chemical etching process. First, the mesa etch mask with a 

circular pattern is defined by positive photoresist Shipley S1818. Note that to avoid 

potential undercutting problems associated with the wet etching process, enough space 

( ~2 um) should be left between the p+ contact and the mesa edge. Before the etching 

process starts, the sample surface is O2 plasma treated for ~1 min in an oxygen plasma 

etcher to clean up the photoresist residue. The actual etching process consists of two 
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steps. First, the sample is etched in a HBr: H2O2: H2O (1:1:10) solution to etch from 

the top layer all the way to N InAlAs layer. The HBr etchant solution etches almost 

anisotropically[8], with varying etch rates for different material layers.  

 

Figure 5.4. (a) shows a testing sample etched by HBr: H2O2:H2O. (b) schematically illustrates the 
dip after the HBr: H2O2:H2O etching. 

Because the HBr etching leaves a “dip” feature around the mesa edge, as 

illustrated in figure 5.4, an additional etching step is needed to flatten out the etching 

finish surface. During the HBr etching process, the etch depth is monitored carefully 

by a Dektec Step Profiler. After the etch reaches the InAlAs junction completely, 

H3PO4: H2O2:H2O (1:1:20) solution is used to etch away the rest InAlAs layer. The 

etching stops at the band-gap grading InGaAsP layer and leaves a flat finish surface. 

Note that during all the etching process, agitation is required. The etching solutions, 

(a) (b) 
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especially the HBr solution, need to be well mixed and kept fresh. In figure 5.5, an 

SEM picture of a finished mesa structure is shown. As we can see, the etching process 

produces smooth sidewall. The undercut feature is caused by the etch rate difference 

between layers. 

 

Figure 5.5. SEM picture of a completely etched mesa structure, showing the etching sidewall and 
flat finish surface. 

Polyimide passivation: After the mesa etching step, the sidewall of the etched 

mesa becomes exposed to air. This could cause dangling bonds, leading to increased 

surface leakage current as well as long-term device reliability problems. Thus, a 

proper passivation technique must be used to recondition the exposed semiconductor 

surface. In the current device fabrication process, we have been using photo definable 

polyimide (HD Micro System PI-2737)[9] as the passivation layer to protect the mesa 
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sidewall. The polyimide layer also serves as a dielectric layer that provides an 

electrical insulating barrier for top electrode contact formation. To form the 

passivation layer, PI-2737 is dispensed on wafer surface. After dispensing, 

approximately 1 minute is allowed to pass before the spin coating process begins, 

allowing the polyimide to flow over the wafer surface and relax. During the spin 

coating process, the spin rate is slowly ramped up to 5000 rpm for 40sec. This results 

in a polyimide thin film of thickness of ~1.8 um. Then, the sample is soft baked on a 

hotplate surface at 75oC for 3 min. After the soft bake, the polyimide is exposed by a 

SussMicroTec MA6 aligner at 8.2 mW/cm2 for 15 sec. After exposure, it is developed 

by HD DE9040 for 50 sec and rinsed by HD RI9180 for 30 sec. Then, the polyimide is 

cured to convert the polyamic ester to the insoluble imide and drive out remaining 

solvent. The curing process is performed in a forming gas ambient (95% N2: 5% H2). 

During the curing process, it is critical to ramp up the temperature very slowly to 

avoid cracking. In this case, the curing temperature is first ramped up to 200oC at a 

ramping rate of ~5 C° /min and held at 200 C° for 30min. The temperature is then 

ramped up the curing temperature to 340 C° by about 2.5 C° /min. The temperature is 

held at 340 C° for 1 hour to drive out the rest solvent, then ramped down at 5 C° /min. 

After the curing process, the thickness of the polyimide film shrinks to ~0.9 um. 

Figure 5.6 shows SEM pictures of a test pattern of polyimide after curing. As we can 

see, the process results in well-defined circular pattern.  



 147

 

Figure 5.6. SEM picture of a circular testing pattern formed by polyimide. 

In a zoomed-in picture, figure 5.7(a) shows that after the polyimide curing, there 

is polyimide residue left on the semiconductor surface, which could be problematic for 

later formation of the top metal contact. To address this problem, an oxygen plasma 

treatment is performed to clean up the remaining residue. Figure 5.7(b) shows that 

after the oxygen plasma treatment, the polyimide residue has been removed and the 

semiconductor surface is clean.  
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(a) 

 

(b) 
Figure 5.7. (a) Cured polyimide pattern without Oxygen plasma treatment. (b) Cured polyimide 

pattern with Oxygen plasma treatment. 

Top contact pad formation: As for the last step of device fabrication, the top metal 
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contact pad (Au 3000A/ Ti 200A) is photolithographically defined on top of the cured 

polyimide. A100 100um um× contact pad is designed for later measurement probing 

and wirebonding. One issue with the current process is that because the metal contact 

pad is directly sitting on the cured polyimide layer, the mechanical property of 

polyimide, as well as the adhesion between metal and polyimide, result in a very poor 

wirebonding yield. This issue will be addressed in future work by optimizing the 

polyimide formation condition.  

5.1.2.3. Device Fabrication Summary 

The development of TCB InGaAs SPADs has gone through 3 iterations, which 

involved modification of epi layer structure as well as improvement of the device 

fabrication process. The current device adopts a mesa structure with polymide 

passivation to reduce the dark current and enhance the device reliability[10].  

5.2. TCB InGaAs SPADs Characterization  

In this section, we will discuss some of the key experimental results measured 

from TCB InGaAs SPADs, including both DC and single photon detection 

characteristics. 
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5.2.1. DC Characteristics  

DC current voltage characteristics are measured by the setup illustrated in figure 

5.8. The Device-Under-Test (DUT) is mounted in a cryostat chamber (Janis VPF-100), 

which allows measurements at various temperatures from 77K to 400K. For light-on 

measurements, a CW laser at 1.55 um is coupled to DUT through free space optics. 

The optical power is measured by Newport 918D-IR optical power meter right in front 

of the cryostat quartz window. A semiconductor parametic analyzer (Agilent 4156B) 

then measures the photon current. For dark current measurement, the cryostat quartz 

window is blocked so that no light can get into the chamber. Note that most of the 

measurement results shown here are taken from 3rd iteration devices with the mesa 

structure. Some data taken from 1st and 2nd iteration devices is shown to illustrate the 

logic of the device development process.   
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Figure 5.8. Measurement setup for DC characterization. 

5.2.1.1. Dark Current 

For single photon avalanche detector, dark current is a very important measure to 

evaluate the device performance as well as to diagnose problems with the device. In 

general, dark current should be kept as low as possible at any cost to prevent the 

device from suffering very high dark count rate.  

5.2.1.1.1. Effect of Device Configuration 

The device configuration can greatly affect the dark current. Figure 5.9, compares 

dark current measured from a non-mesa device and dark current measured from a 

mesa device at room temperature. Although both of those two devices have the same 

active area, the dark current of the non-mesa device is several orders of magnitude 
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higher than that of the mesa device.  
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Figure 5.9. Dark current at room temperature of a non-mesa 1st iteration device and a 3rd iteration 
mesa device. 

The dramatic difference in dark current caused by the device configuration can be 

explained by the fact that the level of dark current is largely determined by the volume 

of semiconductor where the dark current is generated. As illustrated in figure 5.10 (a), 

in the planar device configuration, because the p layer of p-i-n junction is highly 

doped (~2 17 310 / cm× ) and extends through out the entire die, even though the device 

active area defined by the top electrode is small, the effective biased area is much 

larger. Thus, the dark current contributions, in this case, originate from a very large 

area (indicated by the dash line enclosed area). On the other hand, for the mesa 

structure configuration, because the p-i-n junction is now confined by the mesa  
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boundary, the dark current contribution is from an area comparable in size to the mesa 

area. In this way, the dark current is substantially reduced.  

  

Figure 5.10. Schematic illustration of dark count reduction of device with mesa structure. (a) Dark 
current distribution in a planar device. (b) Dark current distribution in a mesa device 

5.2.1.1.2. Surface Leakage Current 

In general, the dark current of an avalanche photo detector can be categorized into 
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two components[11, 12]: bulk dark current mI and surface leakage current unI as 

illustrated in figure 5.11.  

 

Figure 5.11. Schematic illustration of the un-multipliable surface leakage current and the 
multipliable bulk dark current. 

The surface leakage current unI flows through the interface between mesa sidewall 

and the polyimide passivation layer and is mainly contributed from the interface states 

at the mesa sidewall and the mobile ions in the polyimide passivation layer. The 

surface leakage current is usually not multiplied because it does not experience the 

high electric field in the multiplication region. On the other hand, the bulk dark current 

is generated in the bulk semiconductor below the active area. Because it flows through 

the multiplication region, the bulk dark current mI  experiences the multiplication gain. 

From this analysis, the total dark current can be given by 
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 0dark un m un mI I I I M I= + = + ×   (5.1) 

where M is the multiplication gain and 0mI is the primary dark current. The 

multiplication gain M can be measured from the I-V measurements under dark and 

light-on conditions as shown in figure 5.12. When the device is illuminated with light, 

the current is 

total dark photo

dark primary

I I I

I M I

= +

= + ×
  (5.2) 

where primaryI is primary photocurrent, the current generated directly from the photo 

carriers without being multiplied. primaryI  can be measured from the current value at 

the punch-through point as indicated in figure 5.12.  
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Figure 5.12. I-V measurements of a 3rd iteration 10um device under dark condition and light-on 
condition. Avalanche gain is obtained from equation 5.3. 
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 Knowing the dark current, the total current and the primary photocurrent, from 

equation 5.2, one can obtain the multiplication gain  

( ) /total dark primaryM I I I= −   (5.3) 

 Then, one can generate the plot of dark current versus multiplication gain as 

shown in figure 5.13.  
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Figure 5.13. Measured gain versus dark current plot and its linear fitting. 

 Using a linear fit, the un-multipliable surface leakage current as well as the 

primary dark current can be extracted. In this case, the surface leakage current unI is 

26.8 pA while the primary dark current 0mI is 0.32 pA. As we can see, the dark current 

is dominated by the surface leakage current. This could be because the current 

polyimide passivation technique is not sufficient and needs to be improved. In the 
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work of others, ammonium sulfide based chemical passivation techniques have been 

successfully applied to reduce surface leakage current[13-15]. Thus, to address the 

surface current problem in future work, prior to apply polyimide passivation, 

ammonium sulfide based chemical passivation should be used to compensate dangling 

bonds at mesa sidewall. 

5.2.1.1.3. Dark Carrier Generation 

Dark current generation mechanisms have been well studied over the past years. 

The main sources of dark current generation are tunneling current and thermal 

generation current.  

For a p-n junction, the tunneling current density is given by[7]. 

* 3/ 2* 3

2 2 1/ 2

4 22 exp
4 3

g
t

g

m Em e EVJ
E eEπ

 
 = −
 
 

  (5.4) 

where E is the electric field at the junction, Eg is the bandgap, V is the applied voltage 

and m* is the effective mass. For trap assisted tunneling, Eg should be replaced by Et, 

the trap energy. As we can see from equation 5.4, the tunneling current is strongly 

dependant on the junction field. The temperature dependance of tunneling current is 

mainly through the bandgap energy Eg. 

 On the other hand, the thermal generation-recombination current is strongly 

dependant on temperature T as well as the generation-recombination center level. It is 
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given by[7]  

G-RI [1 exp( )]
2

i

eff

en AW qV
kTτ

−
= −   (5.5) 

where A,W is the area and width of junction, ni is the intrinsic carrier 

concentration, effτ is the effective life time of the trap center.  

From equation 5.5, one can state the temperature dependence of IG-R. 

2 expi a
G R

eff

n E
I T

kTτ−

− ∝ ∝  
 

  (5.6) 

where Ea is the activation energy, reflecting the generation-recombination center level. 

For midgap centers, Ea=Eg/2.  
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Figure 5.14. Dark current at different temperatures. 

Figure 5.14 shows the dark current at different temperatures. The dependence of 
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primary dark current on temperature is plotted in figure 5.15. At low temperatures 

(<200K), the dark current has a weak dependence on temperature, indicating that the 

dark current is mainly from tunneling current and surface leakage current. As the 

temperature is increased to above 260K, thermal generation-recombination current 

becomes the main mechanism, so the dark current starts to increase more rapidly. By 

fitting the dark current at temperatures above 260K, one can extract the activation 

energy to be ~0.39 eV, quite close to the mid-gap energy of InGaAs, suggesting that 

the main carrier generation contribution is from the InGaAs absorption region. 
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Figure 5.15. Primary dark current versus temperature. 
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5.2.1.2. Response to light 

When an APD is illuminated by CW light, photocarriers are constantly generated 

by photon absorption in the InGaAs region. In order to effectively collect these 

photocarriers, the device needs to be biased above the punch-through voltage, the 

voltage at which the electric field starts to penetrate into the absorption region. Figure 

5.16, shows the photocurrent of a 3rd iteration 10 um device. As we can see, at around 

15V, photocurrent starts to increase. By about 21V, when the electric field has 

penetrated completely into the InGaAs absorption region, the photocurrent settles into 

a stable value and the primary photocurrent can be derived using 

( )primary total dark Vpunch throughI I I −= −   (5.7) 
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Figure 5.16. I-V measurement under dark condition and light-on condition. 
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5.2.1.3. Quantum efficiency 

As we have discussed earlier, quantum efficiencyη is defined as the probability of 

an incoming photon being absorbed and converted to an electron hole pair. It can be 

expressed as 

1.24primary

input

I
P e

η
λ

= ⋅   (5.8) 

where Pinput is the input optical power andλ is the wavelength.  

To measure quantum efficiency, a 1.55 um CW light signal is coupled to a 50 um 

device directly through a multimode fiber. The fiber end is aligned right on top of the 

device active area. The input optical power is calibrated by a Newport 918D-IR 

optical power meter. Figure 5.17 shows the optical power calibration curve.  
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Figure 5.17. Optical power calibration curve. 

Next, at the punch-through condition, the primary photocurrent is measured for 

different input optical conditions, as shown in figure 5.18. The quantum efficiency is 

measured to be about 32.8%. Note that, for the current design, no AR coating is 

applied. Thus, a higher quantum efficiency will be expected when AR coating is added 

to the device in the future work.  
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Figure 5.18. Measured primary photocurrent under different input optical power conditions. 

5.2.2. Single Photon Detection 

In general, the performance of a single photon avalanche detector strongly 

depends on the device operation conditions such as temperature, over-bias and 

operation mode. In this section, single photon detection using TCB InGaAs SPADs 
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will be discussed. Some important device behaviors will be reported. Most 

measurement results are taken from the 3rd iteration device with mesa structure. Data 

taken from 1st and 2nd iteration devices are shown to illustrate the logic of the device 

development process. 

5.2.2.1. Experiment Setup 

The experiment setup for single photon counting is illustrated schematically in 

figure 5.19.  

 

Figure 5.19. Schematic setup for time correlated single photon detection experiment.  

The device–under-test (DUT) is mounted in a cryostat (Janis VPF100). The 
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cryostat offers a temperature range from 77K to 400K. A DC voltage (Vbias) is applied 

to the device through a Bias-Tee circuit. The output signal from the device passes 

through a DC block into an amplifier with a gain of 200 and a bandwidth of 1 GHz. 

The amplified signal is then displayed on a real-time oscilloscope (Tektronix 

TDS3032) or is connected to a zero-dead-time pulse counter (Becker-Hickl 

MSA-1000) depending on the purpose of the measurement. The input light source, a 

picosecond pulse laser (Idquantique id300-1550, wavelength 1550 nm) is externally 

triggered by a signal generator (Agilent 81110A) and can produce laser pulse signal of 

~300 ps duration and up to 500 MHz repetition rate. The laser signal is attenuated first 

by a variable optical attenuator (VOA) and then neutral density filters so that the 

average photon number per laser pulse can be adjusted. The attenuated laser signal is 

then coupled to the active area of the DUT through free-space optics. For time 

correlation experiments, a synchronized signal from the signal generator is connected 

to the pulse counter as an external trigger signal. As we can see, in this setup, the DUT 

is DC biased without operating in gated mode or using any external quenching circuit. 

In this way, the device demonstrates the capability of operating at free-running mode, 

even when biased above its breakdown voltage.  

5.2.2.2. Evolution of TCB InGaAs SPAD Design 

To detect single photons, a detector first must have a good quantum efficiency to 
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convert photons into e/h pairs. The device also needs to be able to provide high 

enough gain, on the order of 105 to 106, to multiply a photo-carrier into a detectable 

current signal. This section will discuss how the device parameters have been 

modified to achieve high gain as well as good quantum efficiency. 

5.2.2.2.1. 1st Iteration design 

For the first iteration design (the layer structure is listed in table 5.3), the TCB 

barrier is created by the valence band-offset between InP and InAlAs, which is ~123 

meV. When illuminated by a modulated light signal, the device shows strong pulse 

response. Figure 5.20 shows an output pulse signal from a 10 um device illuminated 

by a 1.31 um light signal modulated at 50 MHz.  
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Figure 5.20. Pulse response from a 1st iteration device under illumination of a 1550nm pulse laser.  
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The multiplication gain M can be estimated by 

A

p

Q
M

N η
=

⋅
  (5.9) 

where AQ is the total charge produced by an avalanche, pN is the photon number per 

laser pulse coupled to the device active area, η is the quantum efficiency. AQ can be 

measured by integrating the charge within an avalanche current pulse as shown in 

figure 5.21.  
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Figure 5.21. Zoom-in look of an avalanche current pulse. 

Figure 5.12 shows the measured avalanche gain versus device reverse bias. The 

measurement is performed at room temperature, and the average photon number per 

laser pulse is ~2,000. As we can see, as the reverse bias increases, the avalanche gain 

at first increases rapidly. Then, the increasing rate starts to slow down. At ~38V, the 
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gain starts to saturate at ~1,500, too low for single photon detection.   
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Figure 5.22. Avalanche gain versus the reverse bias showing gain saturation. 

5.2.2.2.2. 2nd Iteration Design 

For the 2nd iteration design (the layer structure is listed in 5.2), the TCB barrier is 

reduced to ~80 meV by replacing InP with InGaAsP (Eg=1 um). Also, the top 1 um 

thick InP is replaced by a 0.5 um thick InGaAsP (Eg=1 um) to increase the quenching 

capacitance.  

For the 2nd iteration device, avalanche pulses triggered by single dark carriers are 

observed for the first time. Figure 5.13 shows a series of dark pulses produced by a 10 

um diameter device with mesa structure. Two pieces of very important information 

can be obtained from the dark measurement.  First, in the dark condition, limited by 
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the dark count generation rate, the probability of having more than 1 dark carrier 

within a time period of 10 ns is <1%. This means the dark pulses are triggered most 

likely by single dark carriers. Secondly, as we can see from the waveform, the dark 

pulses have a very uniform pulse amplitude, indicating the excess noise of this device 

is very low. 

 

Figure 5.23. A train of dark pulses from a 2nd iteration 10um device. 

 The avalanche gain can be estimated from the total charge within an avalanche 

pulse, assuming that the pulse is indeed triggered by a single dark carrier. Figure 5.24 

shows a single dark carrier triggered avalanche current pulse. The avalanche gain is 

estimated to be ~ 61 10× .  
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Figure 5.24. Zoom-in look of an individual dark pulse from a 2nd iteration device. 

The very different gain behavior between the two device iterations is mainly 

attributed to the shrinking of the TCB barrier. A qualitative explanation can be given 

as follows: when TCB barrier is reduced, the effective hole escape time becomes 

shorter, i.e. holes can escape the barrier faster. During the avalanche process, holes are 

generated in the multiplication region and accumulate temporarily at the TCB barrier. 

At the same time, these accumulated holes can also escape over the TCB barrier 

through the tunneling process. The accumulation process and the escape process 

compete with each other, and the avalanche process is quenched until the density of 

accumulated holes at the TCB barrier again reaches a certain level. For a shorter 

escape time, because holes can now escape over the TCB barrier more quickly, more 

holes will be required to quench the avalanche and thus a higher gain is expected. For 
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the extreme case, when the TCB barrier is reduced to zero, it takes no time for holes to 

escape, and the multiplicaiton gain becomes infinite once an avalanche is initiated in 

Geiger-mode.  

Even though the 2nd iteration device demonstrates the capability of detecting 

single dark carriers, the overall SPDE is very low, as shown in figure 5.25. The very 

low SPDE is believed to be due to the configuration of InAlAs p-i-n junction. Detailed 

layer structure information for the 2nd iteration design can be found in table 5.2. The 

thickness of the n layer (layer #6) has turned out to be too thick. As a result, at the 

breakdown condition the n layer is not completely depleted and the electric field in the 

InGaAs absorption region remains very low (<< 44 10 /V cm× ). As we discussed 

earlier, this could result in low quantum efficiency.  
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Figure 5.25. Single Photon Detection Efficiency versus reverse bias for a 2nd iteration 10um 
device. 
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5.2.2.2.3. 3rd iteration design  

To address the issue of low quantum efficiency, in the 3rd iteration design, keeping 

the other parameters unchanged, has reduced the thickness of the n layer to allow 

complete depletion before the breakdown voltage.  As the reverse bias continues to 

increase towards the breakdown voltage, the electric field will now penetrate into the 

InGaAs absorption region. In this way, the quantum efficiency can be greatly 

improved. Clear evidence can be found in figure 5.12, where punch-through distinctly 

occurs at ~20V, indicating that the n layer has been depleted and electric field has 

started to penetrate into the InGaAs absorption region. As will be discussed later, 

experimental results also confirm that the detection efficiency of the 3rd iteration 

devices is much improved. 

5.2.2.3. Single Photon Detection Efficiency (SPDE) and Dark Count 

Rate (DCR) 

Single Photon Detection Efficiency (SPDE) is defined as the probability of 

detecting an incoming photon by the detector, and it is determined by quantum 

efficiencyη , as well as by avalanche probability AP . 

SPDE AP Pη= ×   (5.10) 

 The Dark Count Rate (DCR) is defined as the frequency of detecting dark carrier 
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triggered avalanche events 

d ADCR G P= ×   (5.11) 

where Gd is the dark carrier generation rate and PA is avalanche probability. 

5.2.2.3.1. Time Correlation Measurement 

To measure the SPDE and DCR, we use Time Correlation Measurement (TCM). 

The experiment setup diagram is shown in figure 5.19. Figure 5.26 shows the timing 

sequence of TCM measurement. First, a trigger signal S1 is sent to the pulse counter 

(Becker-Hickl MSA-1000). Once the counter is triggered, it starts to register incoming 

pulse signals within a sweep time, which is usually set to be 1 us. Another trigger 

signal S2 is sent to trigger the picosecond pulse laser with a time delay relative to S1. 

Then a laser pulse with 300ps pulse width is attenuated and coupled to the device 

active area. For SPDE measurement, the average photon number per laser pulse 

coupled to device is usually attenuated to less than 1 photon. Once the device receives 

an input laser pulse, with a certain probability (SPDE), a detectable avalanche current 

pulse is generated and then registered by the pulse counter. This completes one 

operation sweep. After millions of such operation sweeps, the pulse counter generates 

a counting histogram as shown in figure 5.26.  
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Figure 5.26. Schematic illustration of timing sequence of Time Correlation Measurement. 

Figure 5.27 shows a counting histogram taken from a 3rd iteration 10 um device at 

160K. The device is biased at 32.6V. In this experiment, the average photon number 

received by the device is attenuated to ~0.22 photons per laser pulse. In the counting 

histogram, the correlation peak corresponds to the photon-triggered avalanche events. 

The background level reflects the dark counts, which are not time correlated.  
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Figure 5.27. A counting histogram generated by pulse counter after 107 sweeps. 

To obtain the single photon detection efficiency, SPDEP , we have derived the 

following relations:  

The total counts within the correlation peak 

total Photon darkN N N= +   (5.12) 

where PhotonN is the photon triggered counts and darkN is the dark counts. For equation 

5.12, we have assumed the average number of dark pulses per time bin (1ns) is much 

less than 1. 

P is defined as the probability of a laser pulse triggering a detectable avalanche 

and 
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photon total dark

sweep sweep

N N NP
N N

−
= =   (5.13) 

where sweepN is the total number of operation sweeps. 

We also know that within the laser pulse, the number of photons follows Possion’s 

distribution. Thus, the probability of having k photons received by the device within a 

laser pulse is 

( , )
!

aNk
a

a
N eF k N

k

−⋅
=   (5.14) 

where Na is the average number of photon received by the device per laser pulse, in 

this case 0.22. 

We can then derive the relation between P,the probability of a laser pulse 

triggering an avalanche, and PSPDE, the single photon detection efficiency. 
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 For Na<<1,  
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total dark
SPDE
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N NPP
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⋅
  (5.16) 

Similarly, the dark count rate can be obtained from 

dark
dark

sweep

NR
N T

=
⋅

  (5.17) 

 As we can see, the Time Correlation Measurement (TCM) is a simple way to 

measure single photon detection efficiency as well as dark count rate in one 

measurement. In this work, we use this method for most of the efficiency and dark 

count measurements.   

5.2.2.3.2. Operating Voltage 
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Figure 5.28. Single Photon Detection Efficiency(SPDE) and Dark Count Rate(DCR) of a 3rd 
iteration 10um device measured at 160K. 
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In figure 5.28, it shows the voltage dependence of SPDE as well as dark count 

rate (DCR) of a 10um device operated at 160K. As the reverse bias increases, both 

SPDE and DCR increase. The increase in the SPDE is attributed mainly to the increase 

in the avalanche probability AP at higher reverse bias. The increase of DCR, on the 

other hand, is attributed to both the increase in the dark carrier generation rate and the 

increase in the avalanche probability AP . Thus, at a certain point, the increase of DCR 

becomes so rapid that it compromises the benefit of increased SPDE by increasing the 

reverse voltage. For commercial SPADs, for different applications, different strategies 

are taken to choose the operation voltage[16].  

5.2.2.3.3. Operating Temperature 

For SPADs, the operation temperature has great impact on the device performance. 

First, as the temperature increases, the dark carrier generation rate increases 

exponentially. III-V SPADs need to be operated at low temperatures to avoid 

excessively high dark counts. Second, as the temperature increases, the effective 

bandgap becomes lower in the InGaAs absorption region. This results in higher 

absorption coefficient, thus higher quantum efficiency, as shown in figure 4.6. Figure 

5.29 shows the SPDE versus DCR curves at different temperatures.  
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Figure 5.29. SPDE versus DCR at different temperatures.  

From figure 5.29, when the temperature is increased from 160K to 240K for a 

given DCR the SPDE becomes lower. This trend can be explained as follows: when 

the temperature increases, the dark carrier generation rate increases. As will be 

discussed later, higher dark carrier generation rate tends to saturate the TCB quenching 

layer and thus results in low avalanche probability. As a result, even though the 

quantum efficiency becomes higher as the temperature increases, the overall SPDE 

lowers. Also, as the temperature decreases from 160K to 120K, the SPDE starts to 

decrease. This is because from 160K to 120K, as shown in figure 4.6, the absorption 

coefficient drops dramatically from ~9000/cm to ~3000/cm[17]. For the current device, 

the optimum operation temperature is ~160K. 



 179

5.2.2.3.4. Other Effects  

It has been observed that there are some unexpected new behaviors of TCB 

InGaAs SPADs compared to other conventional InGaAs SPADs. These observations 

could provide some physical insights of TCB SPADs and lead to further improvement 

of device performance in the future work. 
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Figure 5.30. SPDE versus DCR at different temperatures for a device with active area of 10 um 

diameter and a device with active area of 30 um. 

One observation from TCB InGaAs SPADs is that larger device areas result in 

lower SPDEs. In figure 5.30, the SPDE is measured at different temperatures for a 

device with active area of 10 um diameter and a device with active area of 30 um  

diameter. The temperature behavior of the two devices is similar. However, at the 
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same temperature, the SPDE of the 10 um device is few times higher than that of the 

30 um device. 

This effect can be explained as follows. First, for a large area device, the total 

dark carrier generation rate is higher than that of a smaller area device. Second, as we 

know, for TCB SPADs,the existence of TCB barrier results in the accumulation of 

holes and thus charging of the TCB barrier after a full avalanche event. In order to 

become active again, the device needs to release the accumulated holes, discharging 

the TCB barrier. This recovery process takes some time. During the recovery process, 

dark carriers still have some probability of triggering avalanches, but with less gain. 

Those small avalanches can again charge up the TCB barrier. As a result, the higher 

the dark carrier generation rate, the higher the chance that the TCB barrier will be in a 

“charged” state. In the extreme case, when the dark carrier generation rate is so high 

that the TCB barrier is constantly charged, the device can be saturated by the dark 

carriers, becoming inactive. Following the above arguments, the larger area device has 

a higher chance of being in the charged state due to the higher total dark carrier 

generation rate. For this reason, the avalanche probability is significantly reduced, 

resulting in a much lower detection efficiency.  
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(b) 

Figure 5.31. Avalanche pulses in a 3rd iteration 60 um device at 160K. (a) A train of dark pulses at 

160K. (b) A zoomed-in look at avalanche pulse showing both full avalanches and small 

avalanches. 
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Further evidence is shown in figure 5.31. In figure 5.31(a), a series of dark pulses. 

Figure 5.31(b) shows a zoomed-in look at one of those pulses. As we can see, in 

between the “full” pulses, smaller pulses occur more frequently. Thus, in order to 

achieve better performance from a TCB InGaAs SPAD, it is essential to reduce the 

dark carrier generation rate at almost any cost. In this way, the device can have enough 

time to discharge the TCB barrier and become active before the next photon comes. 

For the current device, the issue of high dark carrier generation rate is still the most 

concerning problem affecting the device performance. In future work, the dark carrier 

generation has to be suppressed. 

5.2.3. Device Self-Recovery 

One unique merit of the TCB InGaAs SPADs is that the device can not only 

self-quench an avalanche process but can also self-recover afterwards. To self-recover 

from an avalanche event, the device needs to release the accumulated holes,  

discharging the TCB barrier. The self recovery time is largely determined by the hole 

escape time over the TCB barrier, and can be designed via bandgap engineering and 

altered by bias voltage. 
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Figure 5.32. Schematic diagram of the experimental setup for the auto-correlation measurement. 

 The recovery time is measured by the autocorrelation method shown in figure 

5.32. In the autocorrelation measurement, a dark pulse first triggers the pulse counter. 

Then, at different time delays relative to the triggering dark pulse, the counter 

measures the dark count rate to track the recovery process.  
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Figure 5.33. Device self-recovery time at different bias conditions. The inset shows the counting 

histogram measured from the autocorrelation experiment. 
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Figure 5.33 shows the dependence of the device self-recovery time on the reverse 

bias at 160K. The inset of figure 5.32 shows the counting diagram measured from the 

autocorrelation measurement at different bias conditions. When avalanche is triggered, 

multiplied holes accumulate at the TCB barrier between InGaAsP and InAlAs 

hetero-junction and lower the electrical field in the multiplication region. The 

avalanche probability drops substantially due to the effect of field screening, until the 

accumulated holes escape over the energy barrier. The recovery time is defined as the 

time at which the avalanche probability recovers to 63% of its normal level. The 

recovery time of the device is 60 ns at a reverse bias of 32.0V, reduced to 12 ns at 

reverse bias of 32.8V. The self-recovery time is also measured at different 

temperatures from 120K to 240K, and the temperature dependence is found to be 

weak. Those observations indicate that at this temperature range the field assisted 

tunneling process is the dominant mechanism for the hole escape.  

Simulations of a simplified TCB APD structure, the results of which are shown in 

figure 5.34, also suggest that at high reverse bias conditions the electric field starts to 

build up at the TCB barriers. As the reverse bias increases, the electric field at the TCB 

barrier becomes higher, resulting in faster hole escape times. 
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Figure 5.34. SILVACO simulation of the electric field distribution of a simplied TCB SPAD under 

different bias conditions. 

5.2.4. Timing Jitter 

For time correlated photon counting applications, detector timing jitter is usually 

the roadblock to determine the system timing resolution. In general, the timing jitter of 

a photodetector is determined by the statistical distribution of the time delay between 

the arrival time of a photon at the detector and the actual time of detection of the 

resulting electrical signal in response to that photon. For III-V SPADs, timing jitter is 

mainly determined by the avalanche build-up time AVτ , the diffusion time of 

photocarriers from non-depleted regions diffτ , and the transient time of carriers drift 

through the depletion region tτ [18].  

To measure timing jitter, we use the same setup as used for the SPDE 
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measurement. The measurements were taken using a 3rd iteration 10 um device. A 

picosecond pulsed laser is used as light source to trigger avalanches. By using a 

digitized oscilloscope, we can measure the dispersion histogram of the rising edge of 

the triggered avalanche pulses. The timing jitter can be extracted from the FWHM of 

the measured histogram. In this case, the histogram FWHM is contributed to both by 

the uncertain time of photon arrival pσ and by the detector timing jitter jitterσ .  The 

FWHM can be given as 

2 2
p jitterFWHM σ σ= +   (5.18) 
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Figure 5.35. Intensity histogram showing the dispersion of the rising edge of photon-triggered 
avalanche pulses. 

 Figure 5.35 shows the measured histogram of the rising edge dispersion when the 

laser pulse is attenuated to the single photon level. The FWHM of the histogram is 
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~450 ps. In this case, since the laser pulse is attenuated to the single photon level, the 

uncertain of the photon pσ is determined by the laser pulse duration, which is ~300 ps. 

Thus, from equation 5.18, the detector timing jitter can be calculated to be ~335 ps.  

5.2.5. Excess Noise of TCB SPAD 

For TCB InGaAs SPADs, as we have discussed in Chapter 2, the multiplication 

excess noise is expected to be greatly suppressed due to the build-in negative feedback 

mechanism,. This suppression of excess noise provides the device good dynamic range 

and allows it to be used in photon number resolving applications.  

 

Figure 5.36. Avalanche pulse amplitude histogram. 

To study the fluctuation of the multiplication gain, i.e., the excess noise, 

histograms of both the voltage amplitude and integrated charge of the output pulse 



 188

signals are measured. In Figure 5.36, an amplitude histogram measured from a 2nd 

iteration device is shown. The histogram of the pulse height shows a very narrow 

distribution with a standard deviation of 25 mV. The equivalent excess noise factor 

from the pulse height is calculated to be 1.001. The excess noise factor from the pulse 

charge histograms is only slightly larger, from 1.002 to 1.007, increasing with 

increased bias voltage and mean output pulse rate.  

Compared to other conventional III-V SPADs, this device shows greatly 

suppressed excess noise characteristics, which makes the device very promising for 

future photon number resolving application when used in an array configuration. Note 

that for some tested devices, the devices could still suffer from the high excess noise 

due to the process imperfection. In future work, it will be addressed by improving the 

device fabrication process, especially the mesa etching and the sidewall passivation. 

5.2.6. Summary 

In this section, DC characteristics as well as the single photon detection 

capabilities of TCB InGaAs SPADs are reviewed. T he device demonstrates single 

photon detection for 1550 nm photons in free-running mode without any external 

quenching circuits or gated-mode operation. The SPDE shows strong dependence on 

both temperature and device size. The high dark count rate is the main issue for the 
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current device and needs to be reduced in future work. The timing resolution and the 

device recovery time were also measured. The device also demonstrates much 

suppressed excess noise characteristics. It should be noted that all of the reported data 

has been measured from prototype devices to validate the device concept. 

Performance improvements are expected with more refined designs and process 

controls expected in future work. 

5.3. Frequency Up-conversion 

When avalanche current occurs in an avalanche photodiode, light emission can be 

generated from the reverse bias junction. This light emission phenomenon has been 

studied theoretically as well as experimentally for many years[19-22]. In this section, 

we will discuss the experimental observation of such light emission from TCB InGaAs 

SPADs and explore the possibility of utilizing the phenomenon for single photon 

frequency up-conversion applications[23].  

This project has been led by Dr. Hod Finkelstein under Professor Sadik Esener’s 

supervision. Most experimental data was taken by Professor Sadik Esener’s group.  

5.3.1. Hot-carrier Electroluminescence Model 

In general, intra-band transition and inter-band recombination are considered to be 

the main processes for light emission in a semiconductor device[7, 24]. For intra-band 
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transition, electrons or holes travel within the conduction band or valence band, 

respectively, and the photon generated through intra-band transition usually has 

relatively low energy compared to the bandgap energy. On the other hand, for 

inter-band recombination, energetic electrons or holes recombine with their 

counterpart and emit light in the same time. The photons generated through inter-band 

recombination generally have higher energy compared to the band-gap energy. Thus 

for frequency up-conversion applications, inter-band recombination is of most interest.  
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Figure 5.37. Schematic illustration of hot-carrier electroluminescence through inter-band 
recombination[25] 

Hot-carrier electroluminescence is often observed in a reverse-biased avalanche 

diode.  It is caused mainly by inter-band recombination of energetic electrons and 

holes. Theoretical modeling of such processes for direct-band and indirect-band 
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semiconductors has been developed by S. Yamada, etc.. According to the model, the 

photon emission rate is given by 

( ) ( ) ( ) ( )1/ 2
1gQ E f E f Eω ω ω ω∝ − − −     (5.19) 

where ω is photon energy, E is electron energy, and ( )f E is the electron 

distribution function given by Wolff[26] 
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where E0 is the threshold energy for impact ionization.  

 As an avalanche occurs in a p-n or p-i-n junction due to the large component of 

energetic electrons and holes distributions, photon emission with energy higher than 

the bandgap energy is expected. Hot-carrier electroluminescence impacts the operation 

of avalanche photodiodes in various ways. It is believed to be the main mechanism for 

the lateral spreading of the avalanche in large-area APDs[27]. It is also considered to 

be the main cause for optical cross-talk in arrayed APDs.  

Recently, researchers have proposed the use of hot-carrier electroluminescence as 

a possible alternative for single photon frequency up-conversion[25]. To achieve good 

up-conversion efficiency, SPADs with Separate Absorption Multiplication (SAM) 

structure are preferred. In SAM-SPADs, single photon frequency up-conversion can be 
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realized through the following process: first, photons with lower energy (near infrared) 

are absorbed in the low bandgap InGaAs region. The generated photocarriers then 

trigger an avalanche in the multiplication region. During the avalanche process, 

hot-carrier electroluminescence occurs. Because the electroluminescence occurs in the 

multiplication region, which is made of higher band-gap material such as InP and 

InAlAs, the emitted light can have higher energy (shorter wavelength), resulting in 

frequency up-conversion.   

5.3.2. Hot-carrier Electroluminescence in InGaAs TCB SPADs 

Figure 5.38 demonstrates the electroluminescence from TCB InGaAs SPADs with 

diameter of 60 um.  

 

(a) (b) 

Figure 5.38. Images captured by a Si CCD, for a device (a) biased at 10V.and (b) biased at 
32V.  

When the device is biased below the breakdown condition, no light is emitted 
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from the active area due to a lack of hot carriers. When the device is biased above the 

breakdown condition, a large amount of energetic electrons and holes are generated in 

the multiplication region, and light starts to be emitted from the center active area of 

the detector through hot-carrier electroluminescence. In this measurement, the pictures 

are taken by a high sensitivity, low noise CCD camera (PIXIS 400B). The fact that it 

can be detected by the Si CCD camera indicates that the emission from the TCB 

InGaAs SPAD does contain some visible light component.  

The emission spectrum was measured by using a setup that has been 

pre-calibrated by a Si SPAD[28].  
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Figure 5.39. Surface electroluminescence spectrum from a TCB InGaAs SPAD. The inset shows. 
the linear plot, indicating an emission peak at 1.21eV[29]. 
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Figure 5.39 shows the measured emission spectrum with and without (inset) 

correction for the optical response of the system. The emission spectrum has been 

normalized to photons per unit energy band per unit avalanche charge. In the emission 

spectrum, the dip observed around 1.24eV is likely caused by absorption in the 

InGaAsP (Eg=1 um) layer, which is located above the InAlAs junction. The spectrum 

has an exponential decrease with photon energy, which is qualitatively in agreement 

with the model described above[21]. However, the emission spectrum peaks at ~1.2eV 

instead of the bandgap energy of InAlAs (Eg=1.48eV). This discrepancy indicates that 

the photon emission could be caused by some process other than electroluminescence 

in InAlAs. A possible explanation is that some secondary photon emission process 

occurs in the InGaAsP layer outside of the InAlAs junction.    

5.3.3. Hot-carrier Electroluminescence Yield 

It is of great interest to measure the hot-carrier electroluminescence yield for 

single photon up-conversion. The yield is defined as the probability of emitting a 

photon in the energy band of interest through radiative recombination of a charge 

carrier in the multiplication region.  

From the measured surface emission spectrum, we can obtain the surface emission 

yield, which is given by 
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where S(E) is the surface emission intensity spectrum, IA(t) is the avalanche current, T 

is the CCD integration time and
0

( ) ( ) / ( )
T

NS E S E I t dt= ∫ is the normalized emission 

spectrum, as shown in figure 5.39. Using this equation, the surface 

electroluminescence yield has been estimated to be ~ 53.3 10 /photon carrier−× . 

To measure the absolute electroluminescence yield we need to take into account 

the self-absorption by the layers above the InAlAs junction. As shown in figure 5.40, 

the layers above the junction involve the materials of InGaAsP, InP and InAlAs. The 

absolute electroluminescence yield can be given by 

( ) ( )
( )

( ) ( )1.1
1.1

0

2
2ev

absolute NT ev

S E Z E dE
Y S E Z E dE

I t dt

∞

∞⋅
= = ⋅∫

∫
∫
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where ( )Z E is the transfer function that accounts for the total absorption by the layers 

above the junction and it is given by 

( ) ( ) ( ) ( )( )exp InAlAs InAlAs InGaAsP InGaAsP InP InPZ E E t E t E tα α α = ⋅ + ⋅ + ⋅    (5.23) 

The factor of 2 in equation 5.22 takes into account that only the photons emitted in the 

upward direction can be collected. It is also assumed that the numerical aperture, NA 

>> 1, because the diameter of the active area (60um) is much longer than the junction 
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depth (~2 um). For InGaAsP and InP, the photo absorption coefficients have been well 

studied and reported in the literature. For InAlAs, no published absorption spectrum is 

available, thus, in order to determine the absolute electroluminescence yield we need 

to first measure the absorption spectrum for InAlAs.  

 Figure 5.40 schematically illustrates the method that we used to measure the 

InAlAs absorption spectrum, which is shown in figure 5.39. 

 

 

Figure 5.40. Schematic illustration of the methodology of measuring the absorption coefficient of 
InAlAs. 

To measure the InAlAs absorption spectrum, two samples, S1 and S2 are prepared 

by back-etching the epi-wafer. The difference between the two samples is a 1.05 um 
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thick InAlAs p-i-n junction. Thus, by separately measuring ( )1ST E , the transmittance 

of sample S1 and ( )2sT E , the transmittance of sample S2, we can obtain ( )InAlAsT E , the 

transmittance of the InAlAs p-i-n junction. From the transmittance of the InAlAs p-i-n 

junction, we can obtain the absorption spectrum of InAlAs by 

( ) ( )ln ( )InAlAs
InAlAs

pin

T E
E

t
α = −   (5.24) 

where tpin is the thickness of the InAlAs pin junction, which is 1.05 um in this case.  
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Figure 5.41. Measured InAlAs absorption coefficient at different photon energies[29]. 

5.3.4. Optical Link by Up-conversion 

From the above experiments, we have demonstrated electroluminescence in a 

TCB InGaAS SPAD and studied its emission spectrum, which suggest that visible 
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wavelength light has indeed been generated. To further demonstrate the idea of 

frequency up-conversion through hot-carrier electroluminescence, we set up an optical 

communication link through the up-conversion process using TCB InGaAs SPADs as 

an emitter and a Si SPAD as a receiver. The Si SPAD was developed and provided by 

Dr. Hod Finkelstein.   

 

Figure 5.42. Schematic diagram of the experimental setup for the optical communication link 
between a TCB InGaAs SPAD (emitter) and a Si SPAD (receiver). 

Figure 5.42 schematically illustrates the setup configuration. In the setup, an 

optical communication link is formed by placing a TCB InGaAs SPAD and a Si SPAD 

on the two conjugate points of a free space imaging system. The imaging system 

consists of two microscope objectives, and is designed in such way that the overall 

multiplication factor is roughly equal to the ratio between the active areas of the two 
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devices. A picosecond pulsed laser at 1550 nm wavelength is coupled to the TCB 

InGaAs SPAD and triggers the avalanche. The emission light is then coupled to the Si 

SPAD through the free space imaging system. The Si SPAD is operated in 

Geiger-mode with an active quenching circuit (AQC). Avalanche pulses from the Si 

SPAD are received by a pulse counter (MSA-1000), which is externally triggered by a 

synchronized signal from the laser. Creating the working setup involved a good deal of 

work on optical alignment as well as system calibration. Mr. Michael Benchimol and 

Mr. Mark Hsu were the main students involved in setting up the system. 
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(b) 

Figure 5.43. Counting histogram of the Si SPAD (receiver). (a) When the 1550 nm laser is on, the 
counting histogram shows correlation peaks, indicating the Si SPAD is detecting 1.55 um laser. (b) 

When the 1550 um laser is off, the correlation peaks in the counting histogram disappear. 

Figure 5.43 shows the experimental demonstration of a successful optical 

communication link between emitter and receiver through up-conversion. In this 
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experiment, a function generator sends a trigger signal to the counter 100 ns before 

initiating the laser.  Five pulses, spaced 4 ns apart, were generated every 400 ns. The 

avalanche pulses from the Si SPAD could be triggered by (1) the dark carriers 

generated in Si SPAD, (2) photons emitted from the TCB InGaAS SPAD through 

electroluminescence of dark pulses,  or (3) photons emitted from the TCB InGaAS 

SPAD through electroluminescence from laser-triggered avalanche pulses. Of the 

above three possibilities, the first two are random dark events and are not correlated 

with the laser-triggering signal, so only the third process will result in correlated 

counts in the counting histogram. When the 1550 nm picosecond pulse laser is off, no 

correlated photons are emitted from the TCB InGaAs SPAD, so the avalanche pulses 

from the Si SPADs show no correlation in the counting histogram. When the 1550 nm 

picosecond laser is turned on, correlated avalanche pulses from the Si SPAD are 

observed, indicating that the Si SPAD, which is ‘blind’ to IR, can now detect these 

1550 nm laser pulses through the frequency up-conversion process. It is also observed 

that the 4 ns spaced laser pulses can be clearly differentiated from each other, 

indicating that the up-conversion response is quite fast. 

Although the above experiment well demonstrates optical communication through 

frequency up-conversion, the system detection efficiency is low. Only about 1 of every 

20,000 1550 nm laser pulses can be detected by this system. Also, at this point, we 
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have not been able to demonstrate single photon frequency up-conversion with the 

current device and setup. The project is currently still an ongoing project. To improve 

the overall up-conversion efficiency and demonstrate single photon up-conversion in 

future work, the following possible modifications have been proposed: 

1) To optimize the layer structure of TCB InGaAs SPAD for up-conversion 

purposes, the junction should be moved to the surface. In this way, the 

self-absorption loss can be minimized. 

2) Direct bonding of emitter SPAD to the receiver Si SPAD, with their active 

areas facing each other, is proposed for the final device design. In this way, 

the coupling of the light emission from the emitter SPAD to the Si SPAD 

can be greatly improved. 

Of course, single photon detection efficiency and the dark count rate of the emitter 

SPAD should also be improved in the future devices by improving the material quality 

and fabrication process.  

5.3.5. Up-conversion Summary 

In this section, we have discussed the experimental work on frequency 

up-conversion with TCB InGaAs SPADs. This included demonstration of hot-carrier 

electroluminescence from TCB InGaAs SPADs and measurement of both emission 
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spectrum and up-conversion efficiency. In this work, an optical communication link 

between a TCB InGaAs SPAD and a Si CMOS SPAD has been demonstrated through 

frequency up-conversion with nanosecond response speed. For the current emitter 

SPAD and setup, the overall efficiency is still low. To demonstrate single photon 

up-conversion, the current device structure needs to be modified to reduce 

self-absorption. Also, for the final device design, the idea of direct bonding of the 

emitter SPAD to the receiver SPAD is proposed to improve the coupling of the 

emission light.  
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Chapter6. Conclusion and Outlook 

6.1. Conclusion 

This dissertation explored the novel technologies for implementing a single photon 

avalanche detector for 1.31-1.55um wavelength range with a built-in negative feedback 

mechanism.  

While theoretical models[1, 2] have suggested that, the negative feedback 

mechanism could offer several advantageous features to a single photon avalanche 

detector. It has been always a challenge to implement the ANF concept to III-V 

compound semiconductor based SPADs due to the material properties and the 

fabrication process compatibility. The main contribution of this work is to develop a 

right technology to integrate the negative feedback mechanism with III-V SPADs for 

near infrared photon detection (1.31-1.55um). Whereas the conventional Geiger-mode 

APDs must operate with external quenching circuits or gated mode, benefiting from the 

negative feedback, the prototype devices in this work have successfully demonstrated 

the true free-running single photon detection at 1.55um wavelength, which could be 

especially beneficial to the applications that require using large array detectors. The 

prototype devices also have demonstrated a record low excess noise factor of 1.001 at a 

gain of 106. With such low excess noise, the device becomes very promising for the 

photon number resolving applications.  

The development process has gone through several iterations. As for the first 
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attempt, we adapted the MOS-APDs concept. The primary focus was to develop an 

oxygen plasma assisted low temperature wafer bonding process to transfer a thermally 

grown oxide layer onto a conventional SAM APD. The InGaAs MOS-APDs 

demonstrated the avalanche self-quenching as well as much suppressed excess noise. 

However, by investigating the interface condition through C-V measurement, it was 

found that even with the much improved interface, severe interface trap states still 

existed at the oxide semiconductor interface, resulting in short device lifetime. To 

address the interface issue, the Transient Carrier Buffer (TCB) approach was proposed 

and developed. 

 The development of InGaAs TCB SPADs has involved both the modification of 

the epi-layers structure and the improvement of the device fabrication process. The 

device structure consists of a TCB region on top of a conventional SAM SPADs. The 

TCB barrier can be adjusted by accurate band-gap engineering of the III-V compound 

semiconductor. In this work, the 1st iteration design had a TCB barrier of ~123mev 

formed by the valence band offset between InP and InAlAs. From the pulse response 

measurement, the multiplication gain saturated at ~1500 and turned out to be too low 

for single photon detection. Then for the later version devices, the TCB barrier was 

modified to ~80mev by replacing InP with InGaAsP (Eg=1um). The single photon 

detection efficiency was mainly optimized by adjusting the electric field distribution in 

the photon absorption region and the multiplication region.  

For the InGaAs TCB SPADs, we systematically studied the dark current generation 

mechanism. From the gain versus dark current measurement, it revealed that two main 
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components, un-multipliable surface leakage current and the bulk dark current have 

been contributing to the device total dark current. For the current device, the surface 

leakage current seemed to be the dominant mechanism for the total dark current, 

indicating the mesa sidewall passivation technique needs to be improved in future work. 

Also, from the I-V measurement at different temperatures, the activation energy was 

measured to be 0.39ev, which is close to the mid band-gap of the InGaAs absorption 

region, suggesting the main source of the bulk dark current.  

For the single photon detection characteristics, the prototype device demonstrated 

the capability of self-quenching and self-recovering. For the first time to author’s 

knowledge, the device demonstrated the true free-running single photon counting for 

1.55um wavelength without using any external quenching circuits or gated mode. This 

could greatly simplify the requirement of the single photon counting supporting circuit 

for every detector pixel; and it could make the use of large array detectors much more 

practical and cost effective. Another main demonstration in this work is that the 

prototype devices have shown much suppressed excess noise characteristics. The excess 

noise factor was measured to be as low as 1.001 at gain of 106, which is the lowest 

record achieved by III-V SPADs. The excess noise suppression could be especially 

beneficial for the photon number resolving applications.  

From the time-correlated measurement, the single photon detection efficiency and 

the dark count rate were measured. The optimum efficiency was found to be~13% for a 

10um device at 160K. The relatively low detection effection is affected by the dark 

carrier generation rate. High dark carrier generation rate (high temperature, large device 
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active area) could saturate the device sensitivity and result in low detection efficiency. 

For this reason, future work will be focused on reducing the dark current by improving 

the material quality and the device fabrication process, especially the mesa sidewall 

passivation. In this way, the device could achieve much better detection efficiency with 

low dark count rate.  

 Using the InGaAs TCB SPADs, in this work, we also demonstrated a frequency 

up-conversion scheme. From the emission spectrum measurement, it was found that, the 

photons in the visible wavelength regime were produced through the hot-carrier 

electroluminescence process. The emission peak occurred at around 1.21ev, indicating a 

more complicate emission mechanism. Utilizing the physical phenomenon of frequency 

up-conversion, we also successfully demonstrated an optical communication link 

between an InGaAs TCB SPAD as an emitter and a Si SPAD as a receiver with a time 

resolution of less than 4ns.  

Lastly, in this work, we also developed a physical model to formulate the 

self-quenching and self-recovering process of the InGaAs TCB SPADs. By coupling the 

negative feedback into the impact ionization process, the model is capable of simulating 

the key characteristics of a TCB SPAD even above its breakdown condition, where 

other commercial simulators have failed to simulate. With proper choice of the input 

function, it is also possible to use this model to simulate the more complicate processes 

as such the dark count effect and the after-pulsing effect. 

6.2. Outlook 

The feasibility of implementing ANF to III-V SPADs has opened up the 
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possibilities of using single photon avalanche detectors in many applications, such as 

large scale single photon detector array and photon number resolving. In this work, 

most efforts have been focused on finding and developing the right technology as a 

platform to realize the ANF concept on III-V SPADs. The prototype devices of InGaAs 

TCB SPADs have not only demonstrated the overall concept, but also showed the 

promising device functionalities. 

As a continuing effort, it is of great interest to develop a large array single photon 

detector based on the TCB technology to fully utilize the advantageous features of ANF 

in photon number resolving applications. In order to achieve a well functioning large 

array detector, it is critical to reduce the dark count level of each individual element.  

In chapter 5, from the current voltage measurement, the surface leakage current has 

been found to be the main source of the total dark current. Even though the surface 

leakage current are not likely to be multiplied through the avalanche process, the 

diffusion of these interface charges could increase the overall dark count level. To 

address this problem, it has been proposed to improve the current mesa sidewall 

passivation technique by incorporating the ammonium based surface treatment prior to 

the polyimide passivation[3]. It has also been reported that, by applying an additional 

SiNx passivation layer on top of the polyimide, the device long-run reliability[4] could 

be enhanced.  

Another approach proposed to reduce the dark count level is by increasing the 

width of the InAlAs multiplication region. With a wider multiplication region, the 

avalanche breakdown field is expected to become lower and thus the tunneling related 
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dark carrier generation could be reduced[5].  

In future work, the over all quantum efficiency of the InGaAs TCB SPADs can also 

be improved by applying an anti-reflection coating on top of the device active area. 

Typically, a 30% efficiency gain can be expected from the use of an AR coating. 

As discussed in Chapter2, theoretically, SPADs with negative feedback could have 

higher detection efficiency compared to the conventional SPADs due to their unique 

gain probability distribution. For this reason, we believe with the above-mentioned 

improvements, the device detection efficiency could be greatly improved.  

As for the future work, further exploration of the frequency up-conversion could 

also be promising. So far, the InGaAs TCB SPADs have demonstrated the frequency 

up-conversion with promising overall yield. To demonstrate the single photon frequency 

up conversion and eventually develop a fully functioning near IR single photon imager 

with high resolution, the following improvements have been proposed. 1) For the TCB 

SPAD emitter, the junction should be moved close to the surface. In this way, the optical 

loss due to the internal absorption could be minimized. 2) To minimize the optical loss 

associated with the free space optics, it has been proposed that by 3-D integration 

technology[6], it is possible to create a hybrid device consisting of both the TCB 

SPAD(emitter) and the Si SPAD (receiver) with all the readout and control circuits 

integrated on the Si SPAD die[7]. With well-controlled alignment within the hybrid 

device, the overall coupling efficiency could be much improved. 3) Meanwhile, the 

device performance of both the InGaAs TCB SPAD emitter and the Si SPAD receiver 

should also be improved. For the TCB SPAD emitter, the improvement will be focused 
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on reducing the dark count level and increasing the overall single photon detection 

efficiency. For the Si SPAD receiver, the improvement will be focused on tuning the 

spectrum response and improving the single photon detection efficiency according to 

the emission spectrum of the up-conversion process.   
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