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Approaching the Quantum Limit of Photodetection in Solid-State Detectors 
with Internal Signal Amplification 
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Professor Yu-Hwa Lo, Chair 

 

 

 This thesis offers three physical device concepts to overcome limitations in 

conventional solid-state photodetectors. Tradeoff between sensitivity, bandwidth and 

dynamic range is a pressing issue for detectors that must meet the demands of 

imaging and communications applications. Single photon sensitivity has long been 

possible in a solid-state detector, but with no dynamic range at the device level, and 
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bandwidth on the order of 10 MHz, far below the requirements for modern 

communications. Detectors reaching 40 GHz bandwidth and exceeding 20 dB 

dynamic range are now in wide use, but the fundamental physics of these devices 

limits the sensitivity to only 1000 photons in practical operating conditions. This 

thesis presents theoretical and experimental progress in three main thrusts that are 

promising in developing a detector that can maintain large dynamic range and high 

bandwidth while reaching the ultimate sensitivity limit of a single photon. 

 The first device covered is a device which incorporates multiple gain 

mechanisms in a single device. Rather than relying solely on avalanche gain, this 

device incorporates bipolar gain which relaxes the excess noise burden experienced 

by conventional avalanche detectors. Negative feedback is also shown to play a role 

in regulating the gain and reducing noise. 

 The second and third device concepts utilize localized states in disordered 

material to exploit a host of physical phenomena. Localized states are known to 

increase carrier excitation probability by relaxing the k-selection rule of momentum 

conservation. Auger excitation and electron phonon coupling play a role in this new 

internal signal amplification mechanism, called Cycling Excitation Processes (CEP). 

 CEP is first presented in crystalline silicon, where localization is achieved 

through heavy doping and partial compensation. Impressive performance in terms of 

gain, responsivity and noise are promising for realizing the goal of a next generation 

solid-state detector approaching the quantum limit. 
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 Despite the merits, CEP in crystalline silicon suffers from high dark current 

due to heavy doping. Amorphous silicon is presented as an alternative means of 

achieving localization to realize CEP. High speed and high sensitivity capability is 

demonstrated. While the work is ongoing as of the writing of this thesis, a clear 

research plan is in place for realizing an amorphous silicon CEP detector capable of 

high bandwidth and single photon detection. 
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Chapter 1 Introduction 

1.1 Principles of Photodetection 

 Detection of light is a requirement for many areas of everyday life, as we can 

obtain critical information about our environment by converting light into a 

measurable signal. The advent of optical fibers has allowed communication to occur 

via pulses of light, which are converted into an electrical signal, recorded as a binary 1 

or 0. Biomedical applications also require photodetectors in the visible wavelength 

region for high contrast and sensitive imaging [1]. Telecommunications require 

infrared photodetectors for far range communication [2]. Near-IR wavelength 

detectors such as 1060nm photodetectors also find use in security, defense, and 

medical laser treatment. 

 The smallest divisible unit of light is a photon, which is a quantum of 

electromagnetic radiation. While optical fiber communications typically use packets 

on the order of or exceeding 1000 photons to represent a bit of information [3], some 

situations call for photodetectors that are sensitive to a single photon. Single photon 

detectors are used in deep space communication where the signal to be detected is 

extremely weak. The emerging field of quantum communication also requires ability 

to detect a single photon [4]. 
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1.2 Solid-State Photodetectors 

Solid state photodetectors made from semiconducting material are the primary 

detectors used today due to their scalability and potential integration with other mature 

processes. Photodetectors at the 850nm, 1310nm and 1550nm wavelength bands are 

the receiving component in optical fiber communications systems. Solid state 

detectors for fiber optic communications commonly use InGaAs and InP for light 

absorption and carrier transport, respectively [5]. Photodetectors incorporating silicon 

have also been explored extensively due to potential for integration of photonics with 

existing CMOS processes. 

 1.2.1 Photodetector Requirements 

 For a photodetector to yield a detectable signal, it should have a high 

responsivity, which is the amount of output current it is capable of producing for a 

given optical input. It is expressed as  

𝑅 = &'("'(	*'++,#(
-#"'(	"./,+

= 𝑄𝐸 ∙ 34
5*

   (1.1) 

where ℎ is Planck’s constant, 𝑞 is the electron charge, λ is the photon wavelength, and 

the corresponding photon energy is hc/λ. The QE is the quantum efficiency of the 

device, which represents the percentage of incident photons that generate an electron-

hole pair. QE is also defined as the ratio of the electron generation rate to photon 

incidence rate, from which the above expression can also be derived. Quantum 

efficiency can further be separated into external quantum efficiency (EQE) in which 
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the incident photons are considered to be those photons that are impinging on the 

device active area, and internal quantum efficiency (IQE) in which the incident 

photons are considered to be only those photons that are absorbed by the material. 

 For a photodetector to have high resolution, it should have linearity in its 

output response. This means the photocurrent, the difference between the current 

under illumination and the current under dark condition, should vary roughly linearly 

with the input number of photons. 

 For a photodetector to result in a high signal to noise ratio, it should produce 

low noise. In the ideal case, the noise of a photodetection system would be limited by 

the thermal noise of the electronic readout circuit and not by the noise in the detector 

itself.  

 1.2.2 Photodiode Principles 

 A photodiode is a semiconductor material with a p-n junction created by 

electrical doping. Photons absorbed in the semiconductor generate electron-hole pairs 

via the photoelectric effect, by which light of a minimum frequency incident on a 

certain material can cause electron ejection from the material. Semiconductors are 

characterized by quasi-continua of states, or bands, arising from the periodicity of the 

lattice. Two such bands in semiconductors are called the conduction band, mostly 

filled states at lower energy, and the valence band, mostly vacant states at higher 

energy, separated by a forbidden gap called the band gap, in which there are no 

delocalized states that can lead to current. Light with energy exceeding the band gap 
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energy can excite electrons from the valence band to the conduction band where they 

occupy delocalized states. These free carriers are then separated by the built in electric 

field across the p-n junction and collected at electrodes as current. The photocurrent is 

determined by the generation rate and absorption rate . Photodiodes provide limited 

sensitivity since the responsivity is limited. 

 1.2.3 Avalanche Photodiode: Sub-Geiger Mode 

A common solid state photodetector is the Avalanche Photodiode (APD). 

APDs are biased close to their reverse bias breakdown voltage where impact 

ionization provides gain in the form of carrier multiplication. Photons are absorbed in 

an absorption region, a layer made of a material with a suitable bandgap for the 

wavelength of light to be detected, and generate electron-hole pairs. These pairs are 

swept by an electric field into a multiplication region where the carriers undergo 

acceleration in order to have sufficient probability of initiating impact ionization. 

Secondary charge carriers generated by impact ionization can themselves be 

accelerated and initiate further ionization events. Impact ionization rates for electrons 

and holes are given by equations (1.2a) and ( 1.2b), respectively, and represent the 

number of electron-hole pairs generated per unit distance by a single carrier traveling 

through the multiplication region. 

𝛼 = 𝛼9𝑒
;[=>? ]

A>  (1.2a) 

𝛽 = 𝛽9𝑒
;[
=C
? ]

AC
 (1.2b) 
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𝛼9, 𝛽9, 𝑐#, 𝑐", 𝑚#, 𝑚" are all ionization coefficients which can be determined 

empirically for a given material to give the ionization rate as a function of electric 

field, for example for Indium Phosphide [6], and silicon [7]. These impact ionization 

events lead to an internal gain which results in a detectable electrical signal with the 

use of a preamplifier. The impact ionization process is shown in Fig. 1.1, where the 

ionization coefficients label schematically the average distance for electrons and holes 

to initiate impact ionization. 

 

Figure 1.1: Energy versus distance schematic of the impact ionization process for 

electrons (black) and holes (red).  

The multiplication region is ideally made of a material in which either 

electrons or holes have a significantly higher probability of generating an impact 

ionization event [8]. In this case, the carrier multiplication process is much more 

!"#

$"#

%

&
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predictable than if electrons and holes had similar probability of initiating impact 

ionization. In the former case, the noise associated with impact ionization, excess 

noise, is much smaller. This concept is quantified by the k ratio, the ratio between 

electron and hole ionization rates, or hole and electron ionization rates, whichever 

ratio yields a value less than 1. 

𝑘,GG =

H
I
, 𝛼 < 𝛽

I
H
, 𝛼 > 𝛽

	 (1.3)  

 

 It is desirable to design an APD with a multiplication region whose k ratio is as 

small as possible to minimize the excess noise. The period of time during which 

impact ionization occurs in the APD represents an optically dead time during which no 

further photons can be resolved, since there would be no way to distinguish between 

the photogenerated carriers due to the newly arrived photons and the impact ionization 

events resulting from the previously arrived photons.  No further photons can be 

detected until the impact ionization events are quenched. Quenching can occur 

naturally, as the number of carriers left in the multiplication region becomes very 

small compared to the probability of a given carrier initiating an ionization event. 

Quenching can also occur with the aid of an external quenching circuit which forces a 

certain electric field across the multiplication region to reduce ionization probability 

[9]. 

 While the bias of an APD is close to breakdown voltage, the bias is kept below 

breakdown voltage, a mode of operation commonly called sub-geiger mode or linear 
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mode. These names arise because the output signal is roughly linear over a wide range 

of input optical power, meaning APDs can be used for photon number resolving. InP 

based APDs are commonly employed in optical fiber communication systems, 

conventionally reaching speeds as high as 10GHz, beyond which the gain-bandwidth 

product degrades [10].  

 1.2.4 Single Photon Avalanche Detector: Geiger Mode 

 One solid-state photodetector capable of detecting single photons is the Single 

Photon Avalanche Diode (SPAD). SPADs, like APDs, rely on impact ionization for 

internal gain, but operate above their breakdown voltage, a mode of operation called 

geiger mode, in order to achieve very large internal gain, which allows them to be 

single photon sensitive. Geiger mode, however, like the name suggests, does not allow 

any photon number resolving capability; it only allows detection of one or more 

photons but not the ability to determine how many photons led to the detection event. 

1.2.5 APD and SPAD Limitations 

 While APDs are biased below breakdown voltage in order to offer both 

dynamic range and high bandwidth suitable for fiber optic communications, the 

sensitivity is limited by the excess noise associated with impact ionization, to be 

discussed in the next section. This excess noise limits the practical gain that can be 

achieved in most operating conditions. On the other hand, while SPADs offer single 

photon sensitivity, they only meant to be operated above the breakdown voltage, 

which leaves no room for dynamic range [11]. There would be great use for a 
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photodetector that has both single photon sensitivity and high linearity. Furthermore, if 

such a detector could operate at low bias well below what APDs or SPADs are capable 

of, CMOS integration could become a possibility. 

1.3 Photodetector Noise 

 The limiting factor of any gain mechanism is typically the noise associated 

with that mechanism. Thus, it is useful to first review the sources of noise in 

photodiodes and then introduce the excess noise factor of APDs arising from 

multiplication gain.  

 1.3.1 Sources of Noise in a Photodetector 

 Thermal noise arises due to random motion of electrons in a conductor. 

External loads including preamplifiers contribute thermal noise to the receiver system. 

The thermal noise is given by 

𝜎N =
OPQN
RS

𝐹U 	
VW

XY
 (1.4) 

 

where FN is the amplifier noise figure and RL is the load resistance.  

 Shot noise arises from the random photogeneration of electron-hole pairs in the 

photodetector. The fluctuation in the current due to this random generation should 

realistically be described by Poisson statistics. However, if the incident photon number 

is large enough the fluctuation can be approximated by a Gaussian distribution [1]. 

The shot noise power density for a photodiode is then given by 
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𝜎Z = 2𝑒 𝐼] + 𝐼"5
VW

XY
 (1.5) 

where Id is the dark current, or current in the absence of illumination, and Iph is the 

photocurrent, or the current that is due to light absorption. The photocurrent is the 

remaining current after subtracting the dark current. Thus, Id + Iph gives the total 

current flowing in the photodiode.  

 1.3.2 Excess Noise 

 The ability to achieve high gain in an APD comes at a cost in the form of 

excess noise, which is the noise associated with impact ionization. In an APD, the 

primary current, which is the device current under the condition of unity gain, is 

amplified by a factor of M, the multiplication gain. Thus, the current of an APD biased 

to gain M will have a total current of 𝑀(𝐼]a + 𝐼"5a)	, where (𝐼]a + 𝐼"5a)	 is the current 

the device would have at unity gain, M=1. Id0 and Iph0 are the primary dark current 

and primary photocurrents, respectively, and are the dark current and photocurrent at 

the unity gain condition. However, the shot noise is amplified by the same factor M. 

Thus, an ideal APD with no excess noise would have a shot noise of 

𝜎Z = 2𝑒𝑀c(𝐼]a + 𝐼"5a)	[
VW

XY
]. The excess noise factor is the factor by which the signal 

noise increases compared to that in which there is no multiplication noise [McIntyre 

advances]. By using rate equations and treating electron and hole current fluctuations 

described above as random variables, McIntyre showed [12] that the shot noise and 

excess noise factor are given by 
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𝜎Z = 2𝑒𝑀c𝐹 𝑀 𝐼]a + 𝐼"5a
VW

XY
	 (1.6a) 

𝐹(𝑀) = 𝑘,GG𝑀 + (1 − 𝑘,GG)(2 −
f
g
)  (1.6b) 

where F(M) is the excess noise factor, which is a function of multiplication gain.  

 

Figure 1.2: Excess noise factor (ENF) as a function of multiplication gain (M) for 

various k values. 

Fig. 1.2 shows the excess noise factor as a function of multiplication gain for different 

keff. Keff for silicon is 0.02. The theoretical limit of the APD excess noise factor 

under the condition of gain approaching infinity is 2. This figure demonstrates a 

fundamental limitation in APDs, which is that the practical gain that can be achieved 

in an APD is limited by excess noise, which becomes severe at higher gain. Because 
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of this, APDs are typically operated at a relatively low gain in the thermal noise limit. 

Thermal noise, unlike shot noise, is not enhanced by a factor of M, thus, the signal to 

noise ratio is enhanced by a factor of M2 when operated in the thermal noise limit [1]. 

On the other hand, if the detector is operated at higher gain in the shot noise limit, the 

SNR is degraded by a factor of the excess noise factor F(M).  

1.4 Dissertation Outline 

 Solid state photodetectors used today have fundamental limitations. The 

responsivity of photodiodes is limited due to unity gain operation. SPADs are not 

capable of photon number resolving and often require high power operation and 

complicated external circuits to prevent thermal runaway. APDs can achieve only 

limited gain and hence sensitivity due to the excess noise penalty at high gain. 

 This dissertation aims to address these limitations by fundamentally changing 

how gain is achieved internally in the device. The next chapter will survey the 

achievement in combining multiple gain mechanisms in a single device, which pushes 

APD sensitivity close to the quantum limit of photodetection. The subsequent chapters 

explore a new gain mechanism not previously used in photodetectors. Gain is achieved 

by introducing disorder in the material. This creates localized states that relax the 

momentum conservation requirement and allow a process similar to but distinct from 

impact ionization to occur. The dissertation then finishes by exploring the areas which 

could be significantly impacted by a new class of photodetector on the brink of the 

quantum limit of photodetection, and the future direction for this research.   
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Chapter 2 Enhanced Sensitivity using 

Multiple Gain Mechanisms 

 As discussed previously, a solid state detector that relies exclusively on impact 

ionization for internal gain will have limited gain and sensitivity due to the excess 

noise associated with multiplication gain. Noise reduction could be achieved by using 

additional gain mechanisms that do not incur impact ionization noise. Using multiple 

gain mechanisms can reduce the noise for two key reasons. First, with an additional 

gain mechanism, the contribution of impact ionization required to achieve a certain 

gain is reduced. With more than one gain mechanism contributing to the total gain, the 

same total gain can be achieved with lower impact ionization excess noise compared 

to a device that only uses impact ionization for internal gain. Second, the different 

gain mechanisms that contribute to the total gain are not independent of each other, 

but rather influence each other through negative feedback such that no single gain 

mechanism dominates. The term created to describe these effects is Multiple 

Amplification Gain with Internal Control (MAGIC) and has been implemented in a 

working device. The ultimate goal of the MAGIC detector is to create a large dynamic 

range single photon sensitive device operating in free running mode with no external 

quenching. 
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2.1 MAGIC Detector Concepts  

2.1.1 Multiple Gain Mechanisms 

 The MAGIC detector design facilitates impact ionization through a p-n diode 

for the first stage of gain, as in a traditional APD. The second stage of gain is provided 

by a different current amplification mechanism. One such candidate is bipolar gain, in 

which a heavily doped emitter emits electrons across a (traditionally) lightly doped 

base and into a collector. Devices called bipolar transistors employ an emitter-base-

collector structure as either n-p-n doped or p-n-p doped, respectively. In an n-p-n 

structure, a small base current is amplified by a factor of beta into a much larger 

collector current, in the form of electron injection from the emitter into the base where 

they are then collected in the collector.  The gain factor beta is defined as the ratio of 

collector current to base current.  

 While the base doping is traditionally very light, the MAGIC detector uses 

moderate base doping for two reasons. First, as the n-p-n bipolar structure and the p-n 

avalanche diode are monolithically incorporated into the same device, the p-n 

component must be shared between the bipolar and avalanche diode structure. That is, 

the avalanche diode can be considered to be in parallel with the bipolar base-collector. 

It is not feasible to use extremely light doping in the p-region of the diode since large 

electric fields are required to initiate impact ionization. Second, although beta is 

typically between 100 to 200 in bipolar transistors, such a high bipolar gain is not 

necessary in the MAGIC detector since the purpose of the bipolar gain is to reduce the 
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necessary contribution of impact ionization multiplication gain and not to provide the 

majority component of the gain. In fact, if the bipolar gain is too large with respect to 

the multiplication gain, the device can enter an unstable mode of operation exhibited 

by self-pulsation after the initial photon pulse.  

 2.1.2 Internal Control 

 Whereas SPADs require either gated mode operation or free-running with 

external quenching circuits, the MAGIC concept promises a detector operating in 

linear, free-running mode with no external quenching circuit that can approach the 

sensitivity limit of single photon. This requires that the MAGIC detector must not only 

be capable of producing high gain but also internally controlling the gain. This can be 

accomplished through bandgap engineering using heterojunction interfaces between 

different semiconducting materials. A generalized example of bandgap engineering for 

any semiconductor material system is explained below for a coupled multiplication-

bipolar (n-p-n) MAGIC detector, and shown in Fig. 2.1. 

 The first stage of gain in a MAGIC detector will be impact ionization in a p-n 

diode. Both the magnitude of the gain and the extent to which the device can quench 

the avalanche pulse and reset to a photon sensitive mode depends on the electric field 

across the p-n multiplication region. This electric field can be controlled through a 

heterojunction valence band (VB) offset at the p-type side of the multiplication region. 

This VB offset will trap holes and create a sheet charge at the heterojunction interface. 

The larger this sheet charge density, the smaller the electric field across the 
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multiplication region and the smaller the probability of energetic carriers traversing 

the multiplication region to initiate impact ionization. Thus, increasing the VB energy 

offset between the two materials on either side of the junction will lead to faster 

quenching. The reset time of the device is then determined by the hole escape time 

from the VB offset, affected by both thermal excitation over the barrier and quantum 

mechanical tunneling through the barrier.  

 The second stage of gain in a multiplication-bipolar MAGIC detector is bipolar 

gain, provided by a heavily doped emitter. In order to control the degree of bipolar 

injection, a conduction band offset is used between the emitter and the multiplication 

region. The conduction band (CB) offset acts as an energy barrier that the injected 

electrons must overcome. 

 

Figure 2.1: MAGIC detector band diagram showing electron (black) and hole (red) 

dynamics. 
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 While the VB offset can be conceptually understood as controlling the 

avalanche gain and the CB offset as controlling the bipolar gain, the real situation is 

far more complex due to the interaction between the two gain mechanisms and the 

way they influence each other. First, the sheet charge density at the VB offset not only 

controls the impact ionization probability but also controls the electron injection from 

the emitter. Second, electrons injected from the emitter into the multiplication region 

can initiate impact ionization and contribute to multiplication gain. These effects 

counterbalance each other. For example, a large sheet charge density will reduce the 

instantaneous multiplication gain as a result of a lower electric field across the 

multiplication region. However, a large sheet charge density will also attract a larger 

electron injection, and those injected electrons can initiate impact ionization which 

causes a larger instantaneous multiplication gain. Likewise, a large electron injection 

will lead to a larger instantaneous multiplication gain, which in turn leads to a larger 

VB sheet charge density which tends to reduce the instantaneous multiplication gain. 

 In this manner, the avalanche gain, and hence the total gain, is controlled by 

negative feedback. Negative feedback is not only vital for self-quenching, but also for 

reducing the device noise. Noise due to multiplication gain arises due to the fact that 

multiplication gain is a random variable which fluctuates about its mean value. If the 

instantaneous gain is significantly lower than its mean value, the impact ionization 

process is allowed to continue with relatively high probability. If the instantaneous 

gain is significantly higher than its mean value, the impact ionization process is more 

likely to be quenched. Thus, negative feedback in an avalanche detector can play an 
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important role in limiting the gain fluctuation and reducing the excess noise [1,2].  

Multiple amplification mechanisms allows for a smaller multiplication gain and hence 

smaller excess noise.  Negative feedback allows for self-quenching and smaller noise 

through gain control. However, these two components of the MAGIC concept, 

multiple amplification mechanisms, and negative feedback, are not independent 

phenomena but closely related. 

2.2 MAGIC Detector Design Optimization 

 Since the gain mechanisms involved in a MAGIC detector are coupled, it is 

important to optimize the relative strengths of the gain mechanisms through bandgap 

engineering in order to achieve desirable performance. While multiplication gain is the 

main mechanism involved in a MAGIC detector, if the multiplication gain is too large 

compared to the bipolar gain, the effects of negative feedback are reduced and there 

becomes little difference between the MAGIC detector and a conventional APD. If the 

bipolar gain is too large compared to the multiplication gain, the device behaves as a 

phototransistor.  

 The effects of multiplication gain and bipolar gain, and the way they interact 

with each other through negative feedback, can be modeled by introducing time 

constants for the electron and hole escape times, which was done in [3]. The electron 

escape time, 𝜏#, is related to electron injection from the emitter across the conduction 

band offset. The hole escape time, 𝜏", is related to hole escape from the valence band 

offset at the end of the multiplication region, which occurs either through thermionic 
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emission or tunneling. 

 Current continuity equations can be introduced for the MAGIC detector: 

f
h

𝜕𝐽𝑝 𝑥,𝑡

𝜕𝑡
+

𝜕𝐽𝑝 𝑥,𝑡

𝜕𝑥
= 𝛽𝐽" + 𝛼𝐽# (2.1a) 

f
h
𝜕𝐽𝑛 𝑥,𝑡

𝜕𝑡
+ 𝜕𝐽𝑛 𝑥,𝑡

𝜕𝑥
= 𝛽𝐽" + 𝛼𝐽# (2.1b) 

𝑣 is the saturation velocity of electrons and holes (assumed for simplicity to be equal), 

equal to 107 cm/s, 𝐽# and 𝐽" are the elecrtron and hole currents, and 𝛼 and 𝛽 are the 

electron and hole ionization coefficients defined in Chapter 1. The total current, which 

is independent of 𝑥, is expressed as 

𝐽 = 𝐽" 𝑥 + 𝐽# 𝑥 + p
q
]rs
](

 (2.2) 

where 𝑉gis the voltage drop across the multiplication region, and 𝜀 is the permittivity 

of the multiplication region, which for InP is taken as 12.4𝜀9.  

Equations (2.1) and (2.2) can be solved by first enforcing boundary conditions 

specific to the MAGIC detector and next considering interfacial sheet charge densities 

at the electron and hole barriers. These barriers are shown in Fig X. 𝑊;and 𝑊y refer 

to the sides of the hole barrier inside the multiplication region and outside the 

multiplication region, respectively. 𝑊 + 𝐿; and 𝑊 + 𝐿y refer to the sides of the 

electron barrier closer to the multiplication region and farther from the multiplication 

region, respectively. The unique hole currents are given by 𝐽" 𝑊;  and 𝐽" 𝑊y  while 

the unique electron currents are given by 𝐽# 𝑊 + 𝐿;  and 𝐽# 𝑊 + 𝐿y , respectively. 
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Thus, there are three unique boundary conditions that can be applied to the total 

current: 

𝐽 = 𝐽" 𝑊; + 𝐽# 𝑊 + 𝐿; + p
q
]rs
](

  (2.3a) 

𝐽 = 𝐽" 𝑊y + 𝐽# 𝑊 + 𝐿; + p
{
] r;rs

](
  (2.3b) 

𝐽 = 𝐽" 𝑊y + 𝐽# 𝑊 + 𝐿y   (2.3c) 

Additionally, 𝐽" 𝑊y  and 𝐽" 𝑊;  can be expressed in terms of𝜏#, 𝜏", the interfacial 

hole barrier sheet charge, 𝑃}, and interfacial electron barrier sheet charge, 𝑁}, 

respectively: 

𝐽" 𝑊y = ,��
�C

 (2.4a) 

𝐽# 𝑊 + 𝐿; = ,U�
�>

 (2.4b) 

Charge continuity at the electron and hole barrier interfaces gives us: 

𝜕��
𝜕𝑡
= f

,
𝐽" 𝑊; − 𝐽" 𝑊y  (2.5a) 

𝜕U�
𝜕𝑡
= f

,
𝐽# 𝑊 + 𝐿y − 𝐽# 𝑊 + 𝐿;  (2.5b) 

The total current can be solved as  

𝐽 = p
�C

f
q
+ f

{
𝑉 − 𝑉g + p

�>{
𝑉 − 𝑉g + p

{
𝑑 𝑉−𝑉𝑀

𝑑𝑡
 (2.6) 

By considering illumination with a photon flux given as 𝑅 = UC�
N

 where 𝑁"5 is the 
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photon number within a time period 𝑇, a steady state solution can be found for 𝑉g: 

𝑉g ∞ = 𝑉 − ,�CR
p

{q
{yq

𝑒Vq
� f;��

,��; fy� �
�;f

 (2.7) 

The total steady state gain is then 

𝐺 = �
,R
= 𝑒Vq

�yf f;��
,��; fy� �

�;f
 (2.8) 

A plot of the gain versus photon number is shown in Fig. 2.2 for both the model and 

experiment. 

 

Figure 2.2: Gain versus photon number for theory and experiment for 𝜏" 𝜏# values. 
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The stability of the device can be characterized by introducing parameters for 

the hole escape time and bipolar gain. For a given bipolar gain, γ, there is a bias 

voltage that determines the stable region of operation for the MAGIC detector. For a 

given operation bias, the effect of the bipolar gain can be seen on the total gain. If the 

bipolar gain is too small, the total gain of the device is uniform and corresponds to the 

gain of an APD.  

2.3 MAGIC Detector Design Implementation 

 A MAGIC detector was implemented in the III-V material system and strongly 

validated the principles of the MAGIC design [4]. The detector, shown in Fig. 2.3, 

consists of an InGaAs absorption region, sensitive to 1550nm light, and InP 

multiplication region where the impact ionization occurs. The device thus employs a 

separate absorption multiplication (SAM) structure in which the light absorption and 

signal amplification occur in different materials. An applied bias creates an electric 

field across part or all of the multiplication region which leads to a high impact 

ionization probability. When the applied reverse bias voltage is large enough, the 

electric field extends all the way through the multiplication region and penetrates into 

the absorption region, separating the photogenerated carriers. The bias at which this 

happens is called the punch-through voltage and corresponds to unity multiplication 

gain, M=1. The multiplication gain increases from unity as the bias voltage is 

increased beyond the punch-through voltage. This design is commonly referred to as 

“reach through”.  
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 The valence band offset at the p-type side of the multiplication region is 

created by a heterojunction between InGaAlAs and InAlAs, and is 100meV in 

magnitude [5]. The conduction band offset between the emitter and multiplication 

region is created by both a heterojunction between InP and InAlAs which is 286meV 

in magnitude[6] and a heterojunction between InP and InGaAs which is 270meV in 

magnitude [6].   

 

Figure 2.3: MAGIC detector cross section with epitaxial layers (right) and band 

diagram (left). 

2.4 MAGIC Detector Experimental Results 

2.4.1 MAGIC Detector Experimental Setup 

 The experimental setup used to characterize the MAGIC detector is described. 
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An Agilent 81110A pattern generator was used to trigger an iD Quantique id300 

pulsed 1550nm wavelength laser. The laser is triggered at 250mV amplitude. The 

pulsewidth of the laser is 300ps. Neutral density filters are used for optical attenuation 

in order to achieve the desired optical power based on Poisson statistics of photon 

arrival. The device under test (DUT) was packaged and placed in a Janis VPF-100 

cryogenic chamber for cooling. The device electrical output was connected to a bias 

tee. DC bias was applied to the device through the inductive port of the bias tee, while 

the AC response of the device was passed through the capacitive port. The capacitive 

port of the bias tee was passed to a cascaded LNA chain to amplify the signal to a 

detectable level. An attenuator was used to reduce electrical ringing. The subsequent 

output was then passed to an oscilloscope to detect impulse response.  

2.4.2 MAGIC Detector Data Analysis 

 Data is obtained from the oscilloscope as a pulse train with multiple peaks. A 

counting histogram can be made versus the peak signal voltage, and this distribution 

can be fitted with a Gaussian distribution. By measuring this distribution for various 

photon numbers, the device dynamic range can be determined, as can the maximum 

sensitivity. Furthermore, the bit error rate for detecting a certain number of photons 

per pulse can be determined by comparing the overlap between that photon number 

distribution and the dark distribution.  

 For low photon numbers where it is difficult to resolve the voltage peak from 

the noise floor, digital signal processing can be used to enhance the sensitivity. The 
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raw data was post processed using an infinite response comb filter of bandwidth 

100kHz, Q factor of 10, repetition frequency of 1MHz, and sampling frequency of 

2.5GHz. The filter output does not preserve the absolute magnitude of the signal 

response but substantially improves the sensitivity. 

 One effect of the filter is to artificially introduce spread in the peak response 

distribution, which would result in an overestimation of the bit error rate (BER). This 

noise was reduced by dividing the pulse train into groups of 10 pulses. The mean 

signal response within each group is calculated. Each signal peak in the pulse train is 

then normalized by multiplying by the ratio of the total pulse train mean (one mean for 

every peak) to the group mean (corresponding to that particular signal peak). 

2.4.3 MAGIC Detector Performance 

 The counting histogram for peak signal response in arbitrary units is shown in 

Fig. 2.4. Different distributions are shown for different numbers of photons per pulse. 

The dark condition is represented by the 0 photon per pulse distribution. Each 

histogram is fitted with a Gaussian curve, from which the BER can be calculated. 
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Figure 2.4: Counting histogram of peak response in arbitrary units for different photon 

numbers, data published in [4]. 

 The BER for a distribution corresponding to a particular number of photons 

per pulse is calculated from the counting histogram as 

𝐵𝐸𝑅 = f
c
𝑃f|9 + 𝑃9|f  (2.9) 

where 𝑃f|9 is the probability of registering a detection event in the absence of 

illumination, and 𝑃9|f is the probability of failing to register a detection event when 

illuminated by a pulse. Both probabilities can be found using the area overlap between 

the dark distribution and light distribution, whose Gaussian curves intersect in one 

point, called the decision point, 𝜍 

𝑃f|9 =
f

c��aW
𝑒;

�W

W�a
�
� 𝑑𝑥 (2.10) 

𝑃9|f =
f

c���W
𝑒;

���� W

W�a
�
;� 𝑑𝑥 (2.11) 

where 𝜎9 and 𝜎f are the standard deviations of the light-off and light-on distributions, 

respectively, and 𝜇f is the mean of the light on distribution. After evaluation of the 
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integrals, the probabilities come out to be 

𝑃f|9 =
f
c
1 − 𝑒𝑟𝑓 �

c�a
 (2.12) 

𝑃9|f =
f
c
1 + 𝑒𝑟𝑓 �;��

c��
 (2.13) 

By choosing an optimal decision point, the BER can be simplified to 

𝐵𝐸𝑅 = f
c
𝑒𝑟𝑓𝑐 �

c
 (2.14a) 

𝑄 = �a��y���a
�ay��

 (2.15b) 

The resulting BER as a function of input photons per pulse is shown in Fig. 2.5. 

 

Figure 2.5: Bit error rate (BER) as a function of input photons per puse, data published 

in [4]. 

 It is often useful to compare the detector sensitivity to that of an ideal noiseless 

detector limited only by Poisson statistics: 
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𝑃 𝑛, 𝑘 = #�,�>

P!
 (2.15) 

This corresponds to the probability of detecting k photons when the mean photon 

arrival is n photons. Thus, in an ideal noiseless detector, 𝑃f|9 =
9�,�a

P!
= 0 and 𝑃9|f =

#a,�>

9!
= 𝑒;#. Thus, by equation (2.1),  

𝐵𝐸𝑅 = f
c
𝑒;# (2.16) 

This means that if a detector is required to operate at a certain BER, equation (2.16) 

dictates the minimum number of photons the detector must be capable of detecting in 

order to achieve that BER. This is referred to as the quantum limit of photodetection. 

By inspection of Fig. 2.4, a BER of 0.01 is achieved at the maximum sensitivity of 10 

photons per pulse. Using equation (2.7), a BER of 0.01 corresponds to a detection 

threshold of 6 photons. Thus, the MAGIC detector, having achieved this BER with 10 

photons, is only 4 photons away from the quantum limit of photodetection. 

2.4.4 MAGIC Detector Monte Carlo Model 

 To verify the advantages of the MAGIC detector over conventional single 

photon avalanche detectors, a Monte Carlo model is developed [7]. The model 

flowchart is shown in Fig. 2.6. A certain number of carriers are injected into the 

multiplication region at time t=0. The avalanche probability is calculated based on the 

local electric field and assumes saturation velocity of carriers. The avalanche 

probability is compared to a randomly generated lucky number for each charge carrier 

to determine whether that carrier initiates impact ionization. Hole escape probability 
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and electron injection probability are two additional stochastic parameters introduced 

into the model.  Carriers which exit either end of the multiplication region are 

removed from the simulation, and carriers which initiate impact ionization add charge 

carriers to the simulation. Additionally, the charge is sampled at the hole barrier to 

determine the degree of electron injection, which may also add electrons into the 

simulation through electron injection. The simulation is complete when there are no 

charge carriers remaining in the multiplication region. The simulation is run 500 times 

to get mean values for the peak current, from which SPDE can be calculated. 

 

Figure 2.6: Flowchart for Monte Carlo simulation of MAGIC detector, from [8]. 

 The MAGIC detector mean current as a function of photon number is shown in 

Fig. 2.7 for different conditions of emitter doping level and emitter conduction band 

offset. The MAGIC detector shows a dynamic range of almost two orders of 

magnitude from the single photon level up to 25 photons. The doping level and the 
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conduction band offset of the emitter are the two model parameters that will determine 

the device stability. The condition of 5E19 cm-3 doping level and 375 meV conduction 

band offset for the emitter correspond to an unstable mode of operation for the device, 

seen from Fig. 2.7. By contrast, both self-quenched and passively quenched single 

photon avalanche detectors that do not use bipolar gain were found to have no 

linearity in this input range [7]. 

 

Figure 2.7: Mean peak current as a function of photon number for different conditions 

of emitter doping and emitter conduction band offset. 

 The SPDE of the MAGIC detector as a function of emitter conduction band 

offset for different emitter doping levels is shown in Fig. 2.8. The emitter doping and 
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conduction band offset define a stability region for the device operation. The MAGIC 

detector is capable of achieving over 90% SPDE, which is significantly higher than 

achieved using self-quenched and passively quenched detectors without bipolar gain 

[7]. 

 

Figure 2.8: MAGIC detector SPDE as a function of emitter conduction band offset for 

different emitter doping levels. 
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device concept that incorporates avalanche and bipolar gains in a single device. A one-

dimensional model based on current continuity was used to optimize the strengths of 

avalanche and bipolar gains, where it was found that a 𝜏" 𝜏# ratio between 0.01 and 

0.001 is optimal. A  MAGIC detector was realized, using bandgap engineering to 

modulate the bipolar and multiplication gains. The detector achieved a sensitivity of 

10 photons with BER of around 10-2, and a sensitivity of 35 photons at a BER of 

5×10;£. A Monte Carlo model based on the statistics of impact ionization, hole 

escape, and electron emission was developed, which showed single photon capability 

with high dynamic range and SPDE of over 90%. 

 Portions of Chapter 2 have been published in the following publications: S. N. 

Rahman, D. Hall, Z. Mei, and Y. H. Lo, “Integrated 1550 nm photoreceiver with built-

in amplification and feedback mechanisms,” Optics Letters 38, 20 (2015); S. N. 

Rahman, D. Hall, Z. Mei, and Y. H. Lo, “Multiple gain mechanisms integrated in 

APDs biased below breakdown for sensitivity improvement,” Proceedings of the SPIE 

8727, 87270P-1 (2013); D. Hall, Y. H. Liu, and Y. H. Lo, “Single photon avalanche 

detectors: prospects of new quenching and gain mechanisms,” Nanophotonics 4, pp. 

397-412 (2015). The dissertation author was the second author/primary investigator 

and author of these papers. 
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Chapter 3 Carrier Multiplication 

through Disordered Materials 

 While one approach to mitigate the adverse effects of impact ionization is to 

limit the reliance upon impact ionization by using multiple gain mechanisms, another 

approach is to seek an alternative carrier multiplication mechanism. The approach 

taken here is to use disordered materials. Disordered materials feature either a 

disruption or elimination of the periodicity of the lattice, offering new physical 

properties. The result of utilizing disordered materials is a carrier multiplication 

mechanism which bears resemblance to impact ionization in that the mechanism is hot 

carrier-initiated, but holds unique characteristics. This carrier multiplication 

mechanism is called Cycling Excitation Processes (CEP) [1].  

Whereas impact ionization involves extended states, or traveling Bloch waves, 

carrier multiplication involving disordered materials uses both extended and localized 

states. Hence, the localization of states seen in disordered materials relax the 

requirement of momentum conservation for the occurrence of carrier excitation to the 

mobile band. Silicon devices with internal gain based on impurity states have been 

developed [2] but require very low temperature operation to suppress thermalization of 

carriers from impurities and have slow operation due to slow relaxation of ionized 

impurities. Carrier multiplication based on impact ionization and carrier multiplication 

based on CEP both involve a reverse Auger process of a hot carrier transferring 
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energy to excite either a secondary carrier or electron-hole pair to the mobile bands. 

Since the secondary carrier is excited from a localized state in the case of CEP, it is 

necessary to repopulate those localized states, which can be done through phonon 

excitation. Thus phonon dynamics become an important tool to modulate the gain and 

excess noise of carrier multiplication in disordered materials.  

3.1 Background of Cycling Excitation Processes 

 For any internal gain mechanism based on carrier multiplication, it is important 

to consider the probability of carrier excitation for both electrons and holes since that 

probability determines both the achievable gain and also the excess noise of the 

device.  As discussed previously, the impact ionization probability is governed by the 

ionization coefficients for electrons and holes, which is the characteristic distance a 

carrier must travel before initiating impact ionization, and is related exponentially to 

the electric field in the multiplication region.  

 

Figure 3.1: A schematic impact ionization collision. 

While the impact ionization model introduced previously helps illustrate 



	

	

37 

dependence of ionization probability on electric field and can be empirically fitted to 

experimental data, one can resort to conservation of energy and momentum to 

understand fundamental requirements of impact ionization.  

Consider an initial electron 𝑒9 with wavevector 𝑘9,¤  and energy 𝐸9}, which 

obtains a final wavevector 𝑘9,G and energy 𝐸9G by creating an electron hole pair 

through impact ionization, 𝑒f and ℎf, with final energies and wavevectors 𝐸,f, 	𝑘,f, 

𝐸5f, and 𝑘5f, as in Fig. 3.1. Conservation of energy and momentum gives us 

𝐸9} = 𝐸9G + 𝐸,f + 𝐸5f + 𝐸¥ = 𝐸G  (3.1) 

𝑘9¤ = 𝑘9G + 𝑘,f + 𝑘5f = 𝑘G   (3.2) 

Additionally, the final energy should be minimized for a given kf, which stipulates that 

the group velocities of the final particles be the same [3]. Since the group velocity of 

an electron (hole) is proportional to the inverse effective mass of that carrier in the 

conduction (valence) band, we have 𝑘9G = 𝑘,f = 𝑘5f
¦§
¦�

 and 𝑘G = 𝑘9G 2 + ¦�
¦§

. We 

can rearrange eq. 1 to obtain 

𝐸9} =
ℏWPa©W

c¦§
2 + ¦�

¦§
+ 𝐸¥ (3.3) 

Furthermore, we can relate Eoi and koi as 

𝐸9} =
ℏWPa�W

c¦§
= ℏW

c¦§
𝑘9G 2 + ¦�

¦§

c
= ℏWPa©W

c¦§
2 + ¦�

¦§

c
 (3.4) 

Equating equations (3.3) and (3.4), we obtain 
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𝐸9} = 𝐸¥
cyA�

A§
fyA�

A§

  (3.5) 

When 𝑚5 = 𝑚,, then the initial hot electron must have an energy equal to three 

halves the bandgap energy. For silicon, this corresponds to 1.8eV. While the above 

calculation corresponds to a simple two band approximation rather than three band 

case or other more realistic band cases, it gives a reasonable estimate of the required 

carrier energies involved in impact ionization and explains why silicon APDs typically 

require 50V to 200V reverse bias in order to satisfy both conservation of energy and 

momentum. 

 A carrier multiplication mechanism operating at low bias below 10V could be 

achieved if momentum conservation requirements could be relaxed. Shallow impurity 

levels have been shown to increase impact ionization probability [4]. We further 

propose that that the localization of states can enable an altogether new carrier 

multiplication mechanism. Impact ionization involves free carrier Bloch waves, which 

have uncertain positions but precise momenta. Due to the precision in momentum, the 

same conservation of momentum requirements discussed previously apply. Bound 

states, on the other hand, involve localization of states, and introduces uncertainty in 

momentum. Thus, momentum conservation, also called the k-selection rule, is more 

easily satisfied if bound states are involved in the carrier multiplication mechanism.  

For indirect bandgap detectors such as silicon, momentum conservation 

requires that a particle of suitable k-vector be involved in the transition to account for 

the difference in k-space between the conduction band minimum and valence band 
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maximum. In the case of extended states, only one k-vector can meet this criterion. 

For localized states, however, the imprecision in required k-vector makes this criterion 

much more easily satisfied, as shown in Fig. 3.2.  

 

Figure 3.2: Energy versus momentum diagram for a band-to-band transition in an 

indirect bandgap semiconductor with and without localized states involved. 

3.2 Auger Excitation 

CEP involves two fundamental physical processes of Auger excitation of a 

charge carrier from a localized state to the mobile band, and phonon absorption to 

repopulate that localized state. These two processes complement each other in a cyclic 
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process to facilitate carrier multiplication and yield a multiplication gain. These two 

processes, in connection with the localization of states discussed above, are outlined 

next. 

 The Auger effect is a process by which the energy released by an electron 

transitioning to fill a vacancy at a lower energy state in an atom can excite a different 

electron and eject it from the atom. In semiconductors, where discrete energy states 

from atoms in the lattice form quasi continuous energy bands, the Auger effect in 

semiconductors would result in the increase in energy of a charge carrier within the 

mobile band. For instance, Auger recombination is a process occurring in heavily 

doped semiconductors involving a free electron in the conduction band and a free hole 

in the valence band recombining across the bandgap. Auger recombination is 

distinguished from band to band recombination in that the energy released from the 

Auger recombination is transferred to another charge carrier to increase its energy. 

This could result in the increase in kinetic energy of a conduction band electron.  

Thus, Auger recombination can be thought of as the reverse process of impact 

ionization, or equivalently, impact ionization as a reverse Auger effect. The type of 

reverse Auger effect used by CEP involves the excitation of a bound carrier to the 

mobile band by a hot carrier. Similar to impact ionization, the hot carrier releases 

some of its kinetic energy to excite an additional carrier to the mobile band. While the 

excitation in impact ionization is band-to-band, the excitation in CEP is from a bound 

state within the bandgap to the mobile band. The reverse Auger process involved in 

impact ionization results in three mobile carriers in the final state whereas the reverse 
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Auger process involved in CEP results in two mobile carriers in the final state. The 

third mobile carrier comes from the completion of the cycling process via phonon 

absorption, discussed in the next section. 

 Since Auger excitation leaves an impurity state unoccupied, an additional 

process is required to repopulate the vacant impurity state. This is done through 

electron-phonon interaction. An immobile electron, either a valence band electron or 

an electron bound to an impurity state within the bandgap, is excited by a phonon. 

This results in either an electron transition from the valence band to an available 

impurity state (for example a neutral acceptor), or from an impurity state (for example 

a neutral donor) to the conduction band. The former case involves the creation of a 

mobile hole in the valence band, while the latter case involves the creation of a mobile 

electron in the conduction band. 

3.3 Phonon Absorption 

 Phonon absorption is the final step in the cycling process. The impurity that 

was neutralized in the Auger excitation is re-ionized by the absorption of a phonon. A 

free carrier is then created in the mobile band, in the opposite band as the free carrier 

generated in the Auger excitation. Thus, a free electron and free hole are created in the 

full cycling process.  

 Although in equilibrium, all minority impurities have been ionized by the 

majority impurities, CEP represents a dynamic process by which the hot carrier 

represents a perturbation. The neutralized acceptor has a significant probability to be 
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re-ionized by phonon absorption rather than by a majority impurity due to the relative 

time scales; phonon interaction with carriers occurs on a time scale of ~1-100ps [5], 

and the localization of the impurity states increases the phonon coupling [6]. 

3.4 The Complete Cycle 

 The complete cycling process for a generic semiconducting material with 

localized states is shown in Figure 3.3.  Note the band diagram may vary depending on 

how the localization is achieved. An electron from the p-region can become a hot 

electron by being accelerated by an electric field. After reaching a certain threshold 

energy, the hot electron can lose kinetic energy to excite a shallow localized electron 

in the n-region to the conduction band, as in Figure 3.3(a). Thus, the initial state 

consists of a hot electron and the final state consists of a cold electron and an 

additional free electron, both in the conduction band, and a localized hole. The 

localized state that lost an electron can regain an electron through phonon absorption, 

or coupling between the phonon and localized state. This phonon absorption process 

excites an electron from the conduction band in the n-region to that localized state, as 

in Figure 3.3(b), thereby leaving a mobile hole in the valence band. The initial state 

before the phonon absorption consists of the localized hole and the final state after the 

phonon absorption consists of the mobile hole in the valence band. The cycling 

process is complete, as that mobile hole can become accelerated across the gain region 

to become a hot hole. The cycling process can also occur with hot hole injection. The 

Auger excitation will then involve an electron in the valence band being excited to a 

shallow localized state in the p-region, Figure 3.3(c). The phonon absorption process 
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involves the electron in that localized state to be excited to the conduction band, 

Figure 3.3(d). 

  

 

Figure 3.3: Illustration of Cycling Excitation Processes. 

 

 The cycling process can also be represented with Feynman diagrams, shown in 

Fig. 3.4, which depict the interactions as they occur chronologically through time. 

Each intersection on a Feynman diagram involves three lines. The lines with arrows 

represent fermions (e.g. electrons). and the third line represents a boson (e.g. photon or 
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phonon). The intersection represents an interaction. A right pointing arrow represents 

an electron while a left pointing arrow represents a hole. A dashed line represents a 

Coulomb interaction, i.e. Auger excitation. A curvy line represents a phonon 

absorption. Initially at time 𝑡9, there is a hot electron 𝑒5.(. After the Auger excitation 

at time  𝑡f, there is a cold electron 𝑒*.ª], an additional free electron in the conduction 

band 𝑒#, and a localized hole ℎ«#. Finally, after the phonon absorption at time  𝑡c, 

there is a free hole in the valence band ℎ#. 

 

Figure 3.4: CEP represented with a Feynman diagram. 
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3.5 Conclusion 

 This chapter introduced Cycling Excitation Processes (CEP) as an alternative 

internal signal amplification mechanism to impact ionization. CEP uses disordered 

materials which introduce localized states that relax the k-selection rule of momentum 

conservation. CEP uses two key physical processes of Auger excitation and phonon 

absorption. 
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Chapter 4 Cycling Excitation Processes 

in a Heavily Doped Junciton 

4.1 Physics of CEP in a Heavily Ddoped Junction 

 The first demonstration of CEP was in heavily doped and partially 

compensated silicon. A description of the doping profile is provided. The material is 

compensated on both sides of the p-n junction, with 𝑁¬# and 𝑁V# being the donor and 

acceptor doping concentrations in the n-region, respectively, and 𝑁¬" and 𝑁V" being 

the donor and acceptor doping concentrations in the p-region, respectively. 𝑁¬# > 𝑁V# 

and 𝑁V" > 𝑁¬". There exist ionized acceptors in the n-region, 𝑁V#; , and ionized donors 

in the p-region, 𝑁¬"y , whose concentrations in equilibrium are roughly equal to the n-

region acceptor concentration and p-region donor concentration, respectively. That is, 

the minority acceptors in the n-region completely ionize by accepting electrons from 

the majority donors and the minority donors in the p-region completely ionize by 

accepting electrons from the majority acceptors: 

𝑁V#; = 𝑁V# (4.1a) 

𝑁¬"y = 𝑁¬" (4.1b) 

The majority donors in the n-region and majority acceptors in the p-region also ionize 
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in this process. The remaining majority impurities after complete ionization of 

minority impurities will predominantly ionize by thermalization, adding a free carrier 

to the mobile band. Thus, the free carrier concentrations are given by: 

𝑛 ≅ 𝑛# + 𝑛" = 𝑁¬# − 𝑁V# + 𝑁¬" − 𝑁V"  (4.2a) 

𝑝 ≅ 𝑝# + 𝑝" = 𝑁V# − 𝑁¬# + 𝑁V" − 𝑁¬"  (4.2b) 

Where 𝑛#, 𝑛", 𝑝#, 𝑝" are the free electron and hole concentrations (denoted by main 

character) in the n and p regions (denoted by subscript). This means that the majority 

impurities also completely ionize, first by ionizing the minority impurities and next by 

free carrier thermalization: 

𝑁V"; = 𝑁¬" + 𝑝" = 𝑁V" (4.3a) 

𝑁¬#y = 𝑁V# + 𝑛# = 𝑁¬# (4.3b) 

However, it is the ionized minority ionized impurities 𝑁V#;  and 𝑁¬"y  that are relevant to 

the CEP effect. 

The complete cycling process for a heavily doped and partially compensated 

junction is shown in Fig. 4.1. The hot electron can, with a certain probability, release 

some of its kinetic energy to excite a localized acceptor-bound electron in the n-region 

into the conduction band via an Auger excitation process. This process neutralizes the 

minority acceptor in the n-region and results in a free electron in the conduction band 

(in addition to the original hot electron which becomes a “cold” electron after losing 

kinetic energy). The neutral acceptor has a vacancy and is capable of accepting an 
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electron. By phonon absorption, involving an electron-phonon interaction, an electron 

can be excited from the valence band to the acceptor state, which re-ionizes the 

acceptor. The result is a free hole in the valence band. This free hole can be 

accelerated by drift across the depletion region and initiate an Auger excitation. The 

hole-initiated Auger excitation will neutralize a minority donor in the p-region and 

result in the creation of a free hole in the valence band. A phonon interaction with the 

localized electron can result in phonon absorption, by which the donor-bound electron 

is excited to the conduction band to become a free electron and the minority donor is 

re-ionized. 
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Figure 4.1: CEP in a heavily doped and partially compensated p-n junction.  
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4.2 CEP Detector Design 

Based on the CEP principles discussed in the previous chapter, an epitaxial 

structure and device design must be implemented to create a working CEP-based 

detector. To realize the CEP detector, an epitaxial structure is grown by Metal-organic 

Chemical Vapor Deposition (MOCVD). This process can precisely control the dopant 

concentration, particularly important for the heavily doped and partially compensated 

CEP region. The epitaxial structure is shown in Table 4.1. The substrate is 

degenerately doped n-type. A 3um moderately doped n-type layer is grown on the 

substrate. Next, the CEP region is grown, which are the heavily doped and partially 

compensated n and p regions. Next, the moderately doped p-type layers are grown. 

Finally, a heavily doped p-type cap layer is grown as the top layer. The presence of 

localized boron impurities has been verified with Raman spectroscopy which shows 

B11 isotope and B10 isotope peaks at 620 cm-1 and 644 cm-1, respectively. These 

boron isotope peaks are prevalent in samples with a heavily doped and compensated 

region but absent without, as shown in Fig. 4.2. 
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Figure 4.2: Raman spectrum of silicon samples with a neutral p+ region, CEP 

region, and n-type substrate. 
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Table 4.1. Epitaxial structure of the silicon CEP Detector. 

  

 

The fabrication process is shown in Fig. 4.3. A dry mesa etch is done using an 

Oxford Plasmalab P100 etcher, which defines the device active area by etching all 

epitaxial layers down to the substrate. Next, the sidewalls are passivated by deposition 

of silicon dioxide (SiO2). Openings are etched in the SiO2 to allow contact to the top 

of the mesa (p-type cap layer) and the bottom of the mesa (n++ substrate). Indium 

metal is applied to the backside of the sample such that the bottom electrode contact 

Material Thickness (um) Doping (cm-3) 

Si substrate  n++ 

Si 3.0 n=2E17 

Si 0.1 n=2E18 

Si 0.2 n=3E19, p=2E19 

Si 0.2 P=3e19, n=2e19 

Si 0.1 P=1e18 

Si 0.15 P=2e17 

Si 0.05 P=1e18 
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could either be the at the bottom of the mesa or the back of the sample.  

 

Figure 4.3: Device fabrication process flow for the heavily doped partially 

compensated CEP detector. 

The final device schematic cross section is shown in Fig. 4.4(a). The total CEP 

region is 400nm to ensure light absorption in the CEP region for high quantum 

efficiency and also suitable thickness for high probability of carrier excitation via 

CEP. A micrograph of the top view of the device is shown in Fig. 4.4(b). The active 

area of the final device is a rectangular structure with dimension 35um x 55um.  
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Figure 4.4: The final device cross section schematic (a) and top view 

micrograph of the device active area (b). 

4.3 Phonon Interactions in a CEP Device 

 CEP involves electron phonon interactions, and hence the phonon 

concentration is crucial to CEP operation. If the local phonon density of states is small 

compared to the hot carrier density, the Auger excitations vastly outnumber the 

available phonons to re-ionize the impurities that were neutralized during the Auger 

process. Since the phonon absorption process is necessary to complete the cycling 

process, there is a “phonon bottleneck” effect when the hot carrier density exceeds the 

local phonon density. The hot carrier density can be increased either by 

photogeneration of electron-hole pairs or by increasing the reverse bias voltage. The 

phonon bottleneck effect can be observed in both of these situations, where it is 

observed that this effect serves as a negative feedback mechanism that both favors 

high sensitivity and allows for low noise operation. 
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4.4 635 nm CEP Detector 

 Visible wavelength photodetectors are important for imaging and sensing, and 

the CEP detector is well-suited for high performance in the visible range. A CEP 

detector with the above epitaxial structure was measured at 635nm illumination [1]. 

The device is illuminated with a fiber coupled 635nm laser diode. A DC source meter 

is used to apply a bias and read the current. A Janis VPF-100 cryogenic chamber is 

optionally used if low temperature measurements are to be performed. Since the 

device does not exhibit a separate absorption multiplication region structure, there is 

no punch-through voltage that can be used as a unity gain reference. Thus, we take 

zero bias to be the unity-gain reference. The photocurrent is the difference between 

current under illumination and current in dark condition. The primary photocurrent is 

the photocurrent at unity gain, which we take to be zero bias. The gain at a given bias 

is then the ratio of the photocurrent at that bias to the primary photocurrent.  

 The DC current-volgate characteristics demonstrate rectifying behavior typical 

of a p-n junction. The gain versus bias for 635nm illumination is shown in Fig. 4.5. A 

maximum gain of over 4000 is achieved at around 3V reverse bias. For comparison, to 

achieve a gain of 10 to 100 in a silicon APD, the APD bias would need to be 20V to 

100V. The high gain at low bias is a feature that makes CEP a promising alternative to 

impact ionization. Another beneficial feature of CEP is the negative feedback that 

favors low input light conditions and low noise operation.  
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Figure 4.5: DC Gain versus reverse bias voltage for the CEP detector at 635 nm 

wavelength, from [1]. 

First, for a given bias voltage, the gain increases with decreasing input light 

power. This can be seen in Fig. 4.5, where the primary photocurrent is directly 

proportional to the input light power. The highest gain is achieved for 0.55nA primary 

photocurrent, which was the smallest primary photocurrent used for gain 

characterization. This results from the negative feedback phenomenon, related to hot 

carrier concentration with respect to the local phonon density. Under high light 

conditions, there is a larger density of hot carriers and hence a larger density of Auger 

excitations. In order to maximize the CEP gain, the number of Auger excitations 

should be in proportion to the local phonon density of states. Under high input optical 

illumination, however, the number of Auger excitations exceeds the local phonon 

density. Hence, there is diminishing return in the form of photocurrent as the optical 

power is increased. This effect favors low input light level conditions for device 
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operation and is promising for single photon capability of a CEP detector. 

Negative feedback is also manifested in the gain saturation beyond 3V reverse 

bias, also shown in Fig. 4.5. Just as increasing the input optical power will increase the 

hot carrier concentration though photogeneration, increasing the reverse bias voltage 

will increase the hot carrier concentration by increasing the electric field across the 

CEP region and accelerating carriers to greater kinetic energies on average. In 

avalanche detectors, on the other hand, the gain continues to increase with increasing 

bias beyond the avalanche breakdown voltage and eventually diverges. The gain close 

to the operating bias varies drastically with even a slight change in bias. Avalanche 

detectors thus require a quenching mechanism, either in the form of an active 

quenching circuit, passive resistive layer, or bandgap engineering to reduce the electric 

field across the multiplication region as the avalanche charge builds up. For a CEP 

detector, the negative feedback inherent in the balance between hot carriers and 

phonons results in a stable gain at the operation bias. 

To verify the role of electron-phonon interaction in the CEP effect, the 

temperature dependence of the gain was also studied. Fig 4.6 shows the normalized 

gain versus reverse bias voltage for different temperatures between 140K and 300K. 

The gain decreases markedly with decreasing temperature. This arises because 

phonons follow Bose-Einstein statistics, which stipulate that there is no limit to how 

many bosonic particles can occupy a given energy state, and the probability of 

occupation at a given energy increases with temperature. In avalanche based detectors, 

higher temperatures increase the breakdown voltage required for impact ionization as 
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a result of electron phonon scattering, meaning that at a given bias, the gain decreases 

with increasing temperature. In CEP based detectors, however, the gain increases with 

increasing temperature, indicating that phonons are essential for CEP. 

 

Figure 4.6: Gain dependence on temperature, from [1]. 

4.5 CEP Noise Characteristics 

An additional result of negative feedback is a reduction of gain fluctuation. 

This was observed in the MAGIC detector device and was made possible by the 

incorporation of coupled gain mechanisms, namely avalanche gain and bipolar gain, 

which counterbalanced each other. Gain regulation through negative feedback is 

accomplished in a CEP detector by coupled Auger excitations and electron-phonon 

interactions. Just as in the MAGIC detector it was necessary to optimize the device 

operation and ensure a suitable balance between avalanche and bipolar gain through 
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bandgap engineering, in the CEP detector it is necessary to ensure that Auger 

excitation and photon absorption processes are balanced through engineering of 

disorder. In this case, engineering of disorder occurs through the doping level and 

degree of compensation through precise doping profile.  

4.5.1 Noise Measurement Background 

To demonstrate that negative feedback results in low-noise operation, it is 

necessary to perform a noise characterization experimentally. The complete noise 

analysis of the CEP detector requires the measurement of the excess noise factor as a 

function of multiplication gain. This first involved determining the multiplication gain 

as a function of bias through a DC measurement. Next, the noise power at a suitable 

frequency as a function of bias must be measured. In some photodiode setups, the 

device is illuminated with a modulated (e.g. chopped) light source and the 

photocurrent and multiplication noise are measured from a lock-in amplifier [2]. The 

noise measurement performed on the CEP detectors, however, involved separate 

measurements for the DC multiplication gain and noise power bias dependence at a 

certain frequency.  

 Measuring the DC gain as a function of bias requires knowledge of the bias at 

which the gain is equal to 1, or the unity gain bias. Whereas in Reach-through APD’s 

the unity gain bias is well-defined by the punch-through voltage at which the electric 

field penetrates into the absorption region, the CEP detectors utilize an all-silicon 

design and have no punch-through voltage. However, we can take the unity gain bias 
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to be zero bias. The photocurrent gain at a given bias is then defined as the ratio of the 

photocurrent at that bias to the zero bias photocurrent.  

4.5.2 Noise Measurement Procedure 

Measuring the excess noise factor requires a measurement of the noise power 

spectrum. One common way to measure the noise power is to use a Noise Figure 

Meter [3], which measures the device noise figure, defined as the ratio of the input 

SNR to output SNR. The input SNR would be determined by calibration with a pre-

determined noise source at the input of the device. The device would then be placed in 

series with the noise source, and the device output measured with the noise figure 

meter. Since noise figure meters are commonly used to measure two-port devices and 

photodiodes are one-port devices, rather than use a noise source for calibration, the 

photodiode measurement in dark condition would be used as the calibration. In this 

configuration, the measurement could equivalently be performed with a spectrum 

analyzer [4], which is the method that was chosen for the CEP detectors. For a 

measurement of the CEP detectors with a Spectrum Analyzer, the noise power 

spectrum in dBm/Hz of the device is obtained. A spectrum analyzer will take the fast 

Fourier transform of the input signal over a certain frequency bandwidth. The power 

in Watts can then be calculated as 𝑃 𝑊 = 10
C ®QA �¯a

�a . 

The challenge of noise power measurements is to measure the noise power at 

as low of a multiplication gain as possible, ideally unity gain. If this is possible, then 

the exact excess noise factor can be determined. Consider the noise power at unity 
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gain, 𝑃., where M and F are 1: 𝑃. = 2𝑒 𝐼]. + 𝐼"5. 𝑀c𝐹𝐵𝑅 = 2𝑒 𝐼]. + 𝐼"5. 𝐵𝑅. 

𝑃. and 𝐼"5. are related linearly by the proportionality constant 2eR. If it is desired to 

determine 𝑃. for devices without a punch-through voltage, it can be done so by 

measuring the noise power at unity-gain under different optical input power and hence 

different primary photocurrent 𝐼"5. to determine this proportionality constant [5]. This 

same technique can also be applied at low multiplication gain close to unity gain [6]. 

The noise power at a higher gain is then given by 

 𝑃 = 𝑃.𝑀c𝐹 (4.4) 

If it is not possible to measure the noise power at unity gain, only relative 

excess noise factor and not the exact excess noise factor can be determined. The 

relative noise power from measurements performed at two different bias voltages 𝑉f 

and 𝑉c at a constant input optical power is given by  

°(rW)gW(rW)
°(r�)gW(r�)

= �(rW)
�(r�)

 (4.5) 

Where 𝑉f is taken to be the voltage at which the smallest possible noise power can be 

measured, and 𝑉c is some higher voltage. If 𝑃(𝑉f) = 𝑃(𝑉.), then equation (4.4) is 

recovered. Although the exact excess noise factor cannot be determined if 𝑃(𝑉f) >

𝑃(𝑉.), the excess noise of the CEP device can readily be compared to that of APDs. 

It is important to know the sensitivity of the measurement setup as this will 

determine the smallest noise that can be measured. First, the noise figure of the HP 

8594E spectrum analyzer used in the measurement is 24dB. Additionally, a low noise 



	

	

63 

amplifier (LNA) was used further reduce the system noise floor. The LNA had a noise 

figure of 1.8dB and a power gain of 28.2dB. The noise factor of the system can be 

calculated by Friss’ Formula as 

𝐹*±²*±],] = 𝐹{UV +
°³>³´µ¶§·;f

¸S¹�
= 1.51 + cºf;f

»»f
= 1.89 (4.6) 

The system noise figure is then 10 log 1.89 = 2.76𝑑𝐵. The LNA improves the noise 

floor from -174dBm/Hz to -171.2dBm/Hz based on −fÃO]Ä¦
XY

+ 2.76𝑑𝐵 =

−171.2𝑑𝐵𝑚/𝐻𝑧. Another way of expressing the utility of the LNA is that the LNA 

improves the noise figure of the system from 24dB to 2.76dB. 

 The setup used to measure the excess noise of the CEP detector is shown in 

Fig. 4.7. The device under test (DUT) is illuminated with a 635nm continuous wave 

(CW) laser. The DUT is packaged in a chip carrier with top and back electrodes wire-

bonded to the package pins, which are then soldered to an SMA connector. The output 

of the device is passed into a bias-T. A bias is applied to the device using a Keithley 

2400 through the inductive port of the bias-T. The noise of the device then passes 

through the capacitive port of the bias T, which is connected to an LNA. A 50 Ohm 

resistor was also placed between the bias-T and the LNA in order to provide 

appropriate impedance matching to a 50 Ohm environment. Finally, the output of the 

LNA is passed to the input of an HP 8549E Spectrum analyzer. The noise power was 

measured at 70MHz to avoid low frequency 1/f noise.  
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Figure 4.7: Noise measurement experimental setup. 

4.5.3 Noise Measurement Calibration 

 The noise measurement setup described above was first calibrated with an 

Advanced Photonix (APX) high speed small area silicon APD, part number 012-70-

62-54, at 635nm wavelength. The light and dark current was measured as a function of 

bias by performing a DC sweep using the Keithely 2400 DC source meter. The 

photocurrent is the difference between the light and dark currents, and the gain taken 

to be the ratio of photocurrent at a given bias to the zero-bias photocurrent. The 

resulting avalanche multiplication gain as a function of reverse bias voltage is shown 

in Fig. 4.8.  

CEP Detector Bias T

LNA Spectrum
Analyzer

635nm	
Diode	CW	
Laser

VDC

50 Ω
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Figure 4.8: Multiplication gain versus voltage for the Advanced Photonix APD used 

for noise setup calibration. 

The noise power at 70MHz at different bias was measured in the light and dark 

for the commercial APD for a wide range of multiplication gains. The power in 

dBm/Hz was converted to linear, the dark power subtracted, and the resulting data 

adjusted based on the noise floor and the LNA chain. Since the gain versus bias data 

contains thousands of data points whereas the noise power versus bias data contain a 

much fewer number of data points, interpolation was used in order to obtain the noise 

power versus multiplication gain from these two differently-sized data sets. The noise 

power versus multiplication gain data set was made to be the same size as the noise 

power versus bias data set. Since the noise floor was not low enough to measure the 

noise power at unity multiplication gain, as explained previously, a suitable scaling 

factor was chosen to satisfy McIntyre’s Model for silicon, where k=0.02, based on the 



	

	

66 

ratio of the noise power at a given bias to the smallest measurable noise power. The 

excess noise factor of the APX commercial detector is plotted in Fig. 4.9, along with a 

fit for McIntyre’s Model for silicon. The good fit indicates that the experimental setup 

for measuring noise power and the procedure for extracting excess noise factor works 

well. 

 

Figure 4.9: Excess noise factor as a function of multiplication gain for the Advanced 

Photronix APD, fitted with McIntyre’s model. 

4.5.4 Excess Noise Factor of the CEP Detector 

 The noise power of the CEP detector described previously in this chapter was 

measured using the same process described above, also measured for 635nm 

wavelength. The excess noise of the CEP detector as a function of gain is shown in 

Fig. 4.10, along with the excess noise factor of the APX commercial silicon APD and 
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McIntyre’s model fit for silicon. The noise power of the CEP detector was below the -

171 dBm/Hz noise foor. Thus, the CEP excess noise factor plotted in Fig. 4.10 

represents the upper limit of excess noise, calculated as 2𝑒𝐼"59𝐺c𝐹 𝐺 ≤

171	𝑑𝐵𝑚/𝐻𝑧, where G is the excess noise factor of CEP. The CEP excess noise 

factor is 1.33 at a gain of 2419. At the same gain, this corresponds to about 30 times 

lower than the excess noise of a silicon APD. It should also be noted that for an ideal 

APD corresponding to k=0, McIntyre’s model results in an excess noise factor of 2, as 

shown in the introduction. Thus, the CEP based all-silicon detector is capable of 

surpassing the fundamental noise limits of APDs, which for decades have served as 

the detector of choice for optical fiber communications.  

 

Figure 4.10: Excess noise factor of the commercial silicon APD fitted with McIntyre’s 

model, and detectable excess noise factor of the CEP device, from [1]. 
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4.6 1060 nm CEP Detector 

 4.6.1 Overview of 1060 nm Detection in Silicon 

 While visible wavelength detection in silicon based materials is natural due to 

the high absorption coefficient in silicon of visible wavelength light, detection in the 

near infrared in silicon remains a challenge. The bandgap of 1.12eV in silicon 

corresponds to a wavelength of 1100nm. Beyond 1100 nm wavelength there is a sharp 

decline in the absorption coefficient in silicon. This is because in classical detectors, a 

phonon with energy of at least the semiconductor bandgap energy is required for 

photogeneration of an electron-hole pair. Even near infrared wavelengths close to but 

below 1100nm still suffer from a relatively small absorption coefficient compared to 

visible wavelengths.  

 Photodetectors sensitive to infrared wavelengths are important for fiber optic 

communications, where the 1310nm and 1550nm bands are preferred due to low 

dispersion loss. Additionally, there are applications for near infrared wavelengths such 

as 1060nm. The 1060nm wavelength is important for free space communications for 

security systems. The 1060nm wavelength is also important in the field of medicine, 

for example surgical methods and medical laser treatments [7, 8]. 1060nm is important 

in materials processing [9]. Finally, 1060nm is used for defense applications [10] 

including rangefinding techniques such as LIDAR.  

Based on the silicon absorption coefficient, roughly 600um would be needed to 

achieve acceptable quantum efficiency in a conventional photodiode. 600um, being a 
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standard silicon wafer thickness, far exceeds a desirable device thickness. Many 

techniques of achieving high responsivity at 1060nm in an all-silicon detector without 

using an exceedingly thick silicon absorption layer have been applied. One common 

technique micromachining by pulsed lasers to form silicon microstructures [11-15]. 

Another type of device is a microdischarge device [16]. Finally, porous silicon devices 

have achieved appreciable responsivity [17-20]. However, these techniques are 

ultimately not capable of producing scalable, CMOS compatible single photon 

sensitivity since they either rely on photoconductive gain, use processes not CMOS 

compatible, or utilize surface states to enhance light absorption. Absorption by defect 

states results in larger flicker noise than by band-to-band absorption. Also, 

photoconductive devices have large dark current as well as generation and 

recombination noise. We demonstrate that by incorporating CEP into a photodiode, 

high responsivity and high gain at 1060nm can be achieved at low operation bias. 

 

4.6.2 1060 nm CEP detector Experimental Results 

The detector used for 1060nm detection [21] has the same epitaxial structure 

and device design as described previously for the 635nm CEP detector. The 

photocurrent and gain are also defined in the same way. The measurement setup is 

shown and is similar to that used for the 635nm setup, with the exceptions being that 

the optical source is a free-space coupled PiLAS Advanced Laser Diode Systems 

1060nm laser diode and there is no cryogenic chamber since only room temperature 
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characterization was performed for 1060nm illumination. The reverse bias dark 

current is plotted in Fig. 4.11, showing roughly 1uA of dark current at 4V reverse bias, 

as well as the reverse bias light current for 30pA, 100pA, and 500pA of primary 

photocurrent, all of which are in the uA range at 4V reverse bias.  

 

Figure 4.11: Current versus voltage for the CEP detector in dark condition and 

different photocurrent conditions at 1060 nm, from [21]. 

The gain versus bias is plotted in Fig. 4.12(a). The gain is even higher at 

1060nm than that measured for 635nm, reaching 10,000. The responsivity, defined as 

the ratio of the output photocurrent to input optical power, is shown in Fig. 4.12(b). A 

responsivity of nearly 100A/W was obtained, which is orders of magnitude better than 

the state-of-the-art commercial 1060nm APD.  
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Figure 4.12: Responsivity (blue) and gain (red) vs. reverse bias voltage under 

1060 nm illumination, data from [21]. 

We compare the responsivity as a function of device operation bias of the 

1060nm CEP detector to that of detectors using laser micromachining, microdischarge 

devices, and porous silicon. It can be seen that the CEP detector shows comparable 

responsivity to the best reported results in the literature, where it should also be taken 

into consideration that these results are either do not use CMOS compatible processes, 

or make use of photoconductive gain or surface states, which is not suitable for single 

photon detection. 

The large gain achieved in a 1060nm detector is a result of the CEP effect. In 
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addition, the high responsivity at 1060nm in an all-silicon CEP detector can be 

attributed to the localization of states which relax the k-selection rule of momentum 

conservation, another attribute of CEP. Thus, it is notable that the localization of states 

inherent in the CEP process not only allows for high carrier multiplication gain at low 

bias but also for an enhanced responsivity to near-bandgap wavelengths. The 1060nm 

CEP detector not only shows superior responsivity and operation conditions compared 

to the top commercial 1060nm APDs, but is also offers a more scalable and CMOS 

compatible 1060nm all-silicon detection compared to leading research efforts.  

4.6.3 Maximum Gain of 1060 nm CEP Detector 

 In order to verify that it is possible to obtain a gain of 10,000 in a CEP 

detector, we developed a physical model of CEP based on coupled rate equations to 

derive the steady state small signal gain. In the previous chapter, it was explained that 

in equilibrium, the impurities completely ionize. However, under optical excitation, by 

which there is an injected photocurrent into the CEP region, there will be a nonzero 

concentration of neutral minority impurities. Let the neutral acceptors in the n-region 

be defined as 𝑁V#9 , and the neutral donors in the p-region be defined as 𝑁¬"9 , then we 

have: 

𝑁V#9 = 𝑁V# − 𝑁V#;  (4.7a) 

𝑁¬"9 = 𝑁¬" − 𝑁¬"y  (4.7b) 

 We then develop the following rate equations:  
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](
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�
−𝑊, 𝑁¬" − 𝑁¬"9 𝑛" (4.11) 

We have used the following parameter definitions: 

𝜏5: time for an unoccupied acceptor in the n-region to absorb a phonon to produce a 

hole in the valence band [s]. 

𝜏, : time for an occupied donor in the p-region to absorb a phonon to produce an 

electron in the conduction band [s]. 

𝑊5 : coefficient for holes in valence band to emit phonons to transition to occupied 

acceptors in the n-region 𝑐𝑚Í 𝑠 . 

𝑊, : coefficient for electrons in conduction band to emit phonons to transition to 

unoccupied donors in the p-region 𝑐𝑚Í 𝑠 . 

𝛺Ê : the effective volume for Coulomb interactions between a hot electron and an 

ionized acceptor 𝑐𝑚Í  

𝛺Ì : the effective volume for Coulomb interactions between a hot hole and an ionized 

donor 𝑐𝑚Í  

𝑉# : the effective volume in the n-region contributing to the CEP effect 𝑐𝑚Í  
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𝑉" : the effective volume in the p-region contributing to the CEP effect 𝑐𝑚Í  

We simplify the analysis with the following assumptions: 

𝑁V# = 𝑁¬" ≡ 𝑁;	𝑊5 = 𝑊, ≡ 𝑊;	𝜏5 = 𝜏, ≡ 𝑇;	𝛺Ê = 𝛺Ì ≡ 𝛺;	𝑉# = 𝑉" ≡ 𝑉	 

The total current in the device is composed of the photocurrent and the rate of 

generation of free carriers through phonon absorption: 

𝐼. = 𝐼"5 + 𝑞𝑉
#§
�
+ "�

�
 (4.12) 

The large signal gain, 𝐺, and differential gain, 𝑔, are: 

𝐺 = -Ò
-C�

= 1 + 3r
-C�

#§
�
+ "�

�
 (4.13) 

𝑔 = ]-Ò
]-C�

= 1 + 𝑞𝑉 ]
]-C�

#§
�
+ "�

�
 (4.14) 

The rate equations can be solved through various physical approximations, algebraic 

manipulation and discarding higher order terms of a series expansion. The result for 

the small signal gain is: 

𝑔 = 𝐺. 1 − 𝐺.c ∙
-C�
-Ó

 (4.15) 

The maximum achievable gain for a given primary photocurrent is found by solving 

]¥
]¸Ò

= 0: 

𝑔¦±Ô =
c
Í Í

-Ó
-C�

 (4.16) 



	

	

75 

 

Where 𝐼Z =
3Ur
N

 is the effective current resulting from the free carriers generated 

through phonon absorption, and 𝐺. =
fyqU�

fyqU�;UÕ
 is a term that reflects the Coulomb 

interaction between hot carriers and ionized impurities. 𝑇 can be taken to be 25ps [22] 

and 𝜏 is taken to be 0.1ps based on the depletion region of our device structure which 

is about 20nm. Based on the electron capture cross section and thermal RMS velocity 

of electrons, we estimate  𝑊 = 2.4×10;Ö 𝑐𝑚
Í
𝑠. The value of 𝛺 corresponding to the 

maximum gain is given by 

 𝛺¦±Ô =
�
¹yq�

fy
¯×�
×Ó

 (4.17) 

 In our device structure and experiment: 

𝑁 = 2×10f£𝑐𝑚;Í (4.18) 

𝑉 = 35𝜇𝑚×55𝜇𝑚×20𝑛𝑚 = 3.85×10;ff𝑐𝑚Í (4.19) 

𝐼Z =
f.»×f9��ÙÚ c×f9�Ù*¦�¯ Í.Öº×f9���*¦¯

cº"²
= 4.93𝐴 (4.20) 

𝛺¦±Ô =
�

W×�a�Ù=A�¯y c.O×f9�Ü*¦
¯
²∗9.f"²

fy ¯×¯aC�
Þ.Ù¯�

= 5.24×10;c9𝑐𝑚;Í (4.21) 

𝐺.,¦±Ô =
fy c.O×f9�Ü*¦

¯
² c×f9�Ù*¦�¯ 9.f"²

fy c.O×f9�Ü*¦¯
² c×f9�Ù*¦�¯ 9.f"² ; c×f9�Ù*¦�¯	 º.cO×f9�¯W*¦�¯

=

2.34×10º (4.22) 
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𝑔¦±Ô = 2.34×10º 1 − 2.34×10º c ∙ Í9"V
O.£ÍV

= 1.56×10º (4.23) 

Thus, we finally calculate that we can achieve a gain of 10º in our heavily doped and 

partially compensated CEP detector with a primary photocurrent of 30pA. In our real 

device and experiment, we achieved a gain of 10O for a primary photocurrent of 30pA. 

Thus, our calculated maximum achievable gain is reasonable. The experimentally 

achieved gain could be lower than the calculated maximum due to current leakage 

from surface states at the mesa sidewalls, or due to a larger than ideal dark current 

arising from thermal generation and tunneling. 

4.7 Conclusion 

 This chapter presented a CEP detector using heavily doped and partially 

compensated silicon to create disorder. A gain of 104 and responsivity of nearly 100 

A/W at 1060 nm illumination was achieved in an all-silicon CEP detector. Negative 

feedback arising from the balance between Auger excitation and phonon absorption was 

found to internally control the gain mechanism, which is manifested as a host of 

beneficial detector properties including ultralow excess noise, higher gain with lower 

input optical power, gain saturation at operation bias, and higher gain at room 

temperature operation. 

 Portions of Chapter 4 have been published in the following publications: Y. H. 

Liu, L. Yan, A. C. Zhang, D. Hall, I. A. Niaz, Y. Zhou, L. J. Sham, and Y. H. Lo, 

“Cycling excitation process: An ultra efficient and quiet signal amplification 

mechanism in semiconductor,” Applied Physics Letters 107, 053505 (2015); D. Hall, 
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B. Li, Y. H. Liu, L. Yan, and Y. H. Lo, “Complementary metal-oxide-semiconductor 

compatible 1060 nm photodetector with ultrahigh gain under low bias,” Optics Letters 

40, 19 (2015). For these papers, the dissertation author was a coauthor/ primary 

investigator and author. 
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Chapter 5 Carbon-Doped Amorphous 

Silicon CEP Detector 

5.1 Motivation for Amorphous Silicon CEP Detector 

 5.1.1 Properties of Hydrogenated Amorphous Silicon 

 In the previous chapters, it was seen that heavy doping and compensation lead 

to localization of states which can facilitate a reverse Auger process that occurs at 

much lower reverse bias and lower excess noise than that of impact ionization. In this 

chapter, the utilization of amorphous material to obtain localization of states is 

proposed. An overview of amorphous silicon is provided, which will explain why 

amorphous silicon is a strong candidate to realize a CEP based detector. Furthermore, 

it is shown how the disorder of the material can be engineered through the 

incorporation of a high phonon energy dopant such as carbon. Finally, device design 

and experimental results are given which show an amorphous silicon detector capable 

of exceeding THz gain bandwidth product and high sensitivity. 

 Amorphous silicon maintains the tetrahedral covalent bonding of silicon atoms 

but lacks the diamond lattice network, or any periodicity for that matter. Amorphous 

silicon has localized states close to the mobility band edge, as well as deep states 

associated with defects close to the Fermi Energy. Thus, amorphous silicon is often 
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 passivated with hydrogen during deposition in order to reduce the density of dangling  

bonds associated with deep states. Amorphous silicon, being amenable to thin film 

approaches such as chemical vapor deposition, offers ease in fabrication and is more 

environmentally friendly to manufacture than crystalline silicon. Thus, amorphous 

silicon is adopted for a variety of photovoltaic applications, despite its reduced 

quantum efficiency.  

Amorphous silicon maintains the short-range order of crystalline silicon since 

both exhibit tetrahedral bonding to four neighboring silicon atoms. Amorphous silicon 

lacks, however, the long-range order of crystalline silicon since the latter is 

characterized by lattice periodicity while the former, lacks periodicity. Amorphous 

silicon forms a continuous random network whose order is only governed by bonding 

coordination, which stipulates how many bonds an atom should have within the 

network. The bandgap and electrical properties of amorphous silicon are not too 

dissimilar from crystalline silicon, with some important differences. Crystalline silicon 

is characterized by a periodic potential with Bloch wave solutions to the Hamiltonian. 

This allows a precise relation between energy and momentum, or k-vector, from 

which the effective masses of electrons and holes as well as the density of states can 

be derived. The concept of a k-vector does not apply to amorphous silicon. Thus, the 

momentum conservation criterion is relaxed, similar to the effect of degenerately 

doping a crystalline semiconductor.   

Nevertheless, the density of states for amorphous silicon is still close to that of 

crystalline silicon. In amorphous silicon, however, there is a band tail in the 
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amorphous silicon density of states which extends into the forbidden gap. Thus, the 

conduction band is no longer a sharp energy cutoff as in crystalline silicon, but rather 

an energy boundary between localized and extended states. Electrons in the 

conduction band are mobile and act as charge carriers in both amorphous and 

crystalline silicon. In amorphous silicon, however, there are electrons occupying states 

below the conduction band energy within the band tail. These states are localized. 

Furthermore, the amorphous silicon density of states contains deep states within the 

bandgap around the Fermi Energy.  

Carriers in localized states, both in the band tail and in deep states, do not 

typically contribute to conduction unless certain mechanisms are involved. One such 

mechanism is hopping from one band tail state to another band tail state. This 

tunneling, however, is typically not a major effect except at high temperature. 

Tunneling between deep states is also possible, but can be ignored for hydrogenated 

amorphous silicon since hydrogen passivates defects that give rise to deep states.  

Another effect of disorder is increased carrier scattering in amorphous silicon 

which reduces the free carrier mobility. While in crystalline silicon the typical electron 

and hole mobilities are roughly 1400 cm2/Vs and 470 cm2/Vs respectively [1], these 

values are reduced to around 15 cm2/Vs and 2 cm2/Vs [2] in hydrogenated amorphous 

silicon and are even far lower in un-hydrogenated amorphous silicon.  

 Because CEP requires localized states close to the mobile bands, amorphous 

materials are a viable candidate to realize a CEP-based detector. It is the goal of this 

chapter to show that the limitation of employing amorphous silicon in high sensitive 
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optoelectronic devices, namely the low carrier mobility, can be overcome through 

device design exploiting the CEP mechanism. Furthermore, the localized states close 

to the mobility edge can be used to facilitate CEP. 

5.1.2 Gain in a-Si:H  

 Gain in crystalline semiconductor by impact ionization, as well as gain by a 

similar but fundamentally different mechanism involving localized states and electron-

phonon interactions, were both explained previously. We now explain the presence of 

both gain mechanisms in amorphous semiconductors, starting with gain by impact 

ionization. Impact ionization in amorphous semiconductors requires a higher 

breakdown field than in their crystalline counterparts due to reduction in free carrier 

mobility and smaller mean free path for inelastic scattering. In amorphous silicon in 

particular, the mean free path for inelastic scattering is estimated to be 10A, which 

would require 1E7 V/cm impact ionization breakdown field [2].  Nonetheless, there 

have been various reports of multiplication gain in amorphous silicon due to impact 

ionization. In 1995, an APD using an amorphous SiGe layer for absorption and 

amorphous silicon layer for carrier multiplication reported a multiplication gain of 686 

at a bias of 16V [3].  

The Lucky Drift model of impact ionization was introduced to suggest that 

there is a certain kinetic energy a hot carrier accelerated by an electric field needs to 

obtain before it can initiate impact ionization. If the carrier can reach this threshold 

without losing its energy through an inelastic collision, it can impact ionize (which is 
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itself an inelastic process). However, a hot carrier can be involved in an elastic 

collision while still accumulating kinetic energy. Indeed, it was later realized that 

momentum relaxation occurs at a much faster rate than energy relaxation [4]. One 

question which has some uncertainty is why amorphous selenium, despite its larger 

bandgap and smaller carrier mobility, has a smaller required field for impact ionization 

than amorphous silicon. One hypothesis based on the lucky drift model is that 

hydrogenated amorphous silicon has a significant optical phonon energy of 80meV, 

compared to amorphous selenium where the energy loss due to inelastic phonon 

scattering was determined to be 30meV [5]. This may suggest that even though the 

mean free path for inelastic scattering is smaller in amorphous selenium than in 

amorphous silicon, the energy lost each scattering event is far less in amorphous 

selenium which allows it to have a significantly smaller breakdown field than in 

amorphous silicon. 

The low mean-free path of amorphous silicon compared to crystalline silicon 

which decreases the mean free path of inelastic scattering, and the high phonon energy 

compared to amorphous selenium which increases the energy lost per scattering event, 

poses a significant challenge in implementing impact ionization in amorphous silicon 

based optoelectronic devices. However, we hypothesize that although amorphous 

silicon is not an ideal candidate for realizing multiplication gain through impact 

ionization, it is a promising candidate for realizing multiplication gain through CEP. 

The first reason is that CEP occurs at much lower electric field than impact ionization 

due to a higher probability of Auger excitation that results from localization. This 
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means that with a sufficiently thin a-Si layer, below 100nm, we expect that a sufficient 

electric field across the a-Si layer can be obtained for CEP to occur despite being 

below the critical field for impact ionization by at least an order of magnitude. The 

second reason is that although stronger interactions between phonons and free carriers 

(compared to those in a-Se) increase the average energy lost per inelastic scattering 

event, it is the coupling between phonons and localized carriers in the bandtail states 

which will be important for an efficient gain though the CEP mechanism. 

Additionally, we will show that by the addition of dopants such as carbon which have 

high phonon energy, we can control the degree of phonon coupling to localized 

bandtail states.  

 5.1.3 Tailoring Disorder in a-Si:H through Carbon 

Incorporation of certain impurities in a-Si:H can increase its disorder. Disorder 

is often described in terms of coordination bonding, as explained previously. Thus, 

introduction of impurities does not necessarily increase disorder if those impurities 

obey the 8-N rule. However, there are other criteria used to predict whether certain 

impurities will introduce disorder. For example, the Si-Si and Ge-Ge covalent bond 

lengths are relatively similar, 2.35 and 2.45, respectively, whereas the C-Si covalent 

bond length is 1.87, indicating that a Ge impurity in a-Si will be a smaller perturbation 

of a-Si compared to a C impurity [6]. Furthermore, carbon could potentially form 

certain pi-bond configurations not possible in a-Si, further increasing the perturbation 

from ideal a-Si and increasing the disorder. 
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While it has been established that carbon can increase the disorder in a-Si, it is 

has also been shown that the carbon content in a-Si can tailor the disorder. For 

example, in the Raman spectrum of crystalline silicon, there is a first order optical 

phonon peak at 510 cm-1, also present in amorphous silicon since short range order is 

preserved. Additionally, in amorphous silicon, there is a broad transverse optical (TO) 

phonon peak at 480 cm-1 resulting from the relaxation of the k-selection rule. The 

width of the broad peak can be related to the short range order [7]. It has also been 

shown that incorporation of carbon increases the local structural disorder due to strain 

resulting from difference in covalent bond length discussed previously, and that this 

disorder can be determined from the TO phonon peak in the Raman spectrum [8]. A 

Raman spectrum of PECVD-grown a-Si:H films grown on an n-Si substrate is shown 

in Fig. 5.1 for no carbon content and 10% carbon content. Carbon incorporation is 

obtained by varying the methane concentration during deposition. 
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Figure 5.1: Raman spectrum of PECVD-grown amorphous silicon films grown 

on n-Si substrate for 0% and 10% carbon concentrations. 

5.2 a-Si:H CEP Detector Principles 

 The cycling process is similar to that in crystalline material. The main 

difference is that in crystalline silicon, ionized compensating impurities provide the 

required localized states, whereas in amorphous silicon, the exponential band tails 

penetrating beyond the band edge and into the forbidden gap region provide the 

required localized states.  

 In crystalline silicon, CEP was realized through heavy doping and dopant 

compensation, which relaxes the k-selection rule and enhanced the probability of 
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Auger excitation via localized states associated with ionized compensating impurities. 

In amorphous silicon, the k-selection rule is intrinsically relaxed, and the Auger 

excitation via localized band-tail states can occur due to a thin amorphous silicon layer 

which can yield a substantial electric field across that layer. Although below the 

electric field strength required for impact ionization breakdown, the presence of strong 

electron phonon coupling due to carbon incorporation can lead to a CEP gain.  

To describe the CEP effect in a-Si:H, we consider a thin amorphous silicon 

gain region on an n+-type crystalline silicon substrate with a top Indium Tin Oxide 

(ITO) layer for both electrical contact and light transparency. The band diagram under 

zero bias for this layer structure is shown in Fig. 5.2a, and also under reverse bias in 

Fig. 5.2b. The work function of Ar sputtered ITO, 4.3eV [9], and the electron affinities 

of a-Si:H and n+-type crystalline silicon are 3.8eV [10] and 4.05eV [1], respectively. 

The bandgaps of a-Si:H and n+-type crystalline silicon are 1.72eV [10] and 1.12eV 

[1]. ITO being a metal, has completely filled states beneath its Fermi level. The energy 

offset between the ITO Fermi level and the a-Si:H conduction band is the Schottky 

barrier height between ITO and a-Si:H. The Schottky Barrier height, 𝛷Ä,  between a 

metal and semiconductor is given by the difference between the metal work 

function,	𝛷¦, and semiconductor electron affinity, 𝛸 : 

𝛷Ä = 𝛷¦ − 𝛸 (5.1) 

The conduction band offset and valence band offset between a-Si:H and n+-type 

crystalline silicon can be found using Anderson’s rule for constructing band diagrams 

involving heterojunctions of different semiconducting material. Anderson’s rule states 
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the conduction band offset is given by the difference in electron affinities between the 

two semiconductors, in which case the valence band offset is uniquely determined by 

the conduction band offset and the bandgaps of the two semiconductors. If the 

bandgap and electron affinity of the semiconductor whose conduction band is closer to 

the vacuum level are 𝐸¥f and 𝛸f, respectively, and the bandgap and electron affinity of 

the other semiconductor are 𝐸¥c and 𝛸c, respectively, then the conduction band offset 

and valence band offset are given by: 

∆𝐸Ú = 𝛸f − 𝛸c (5.2) 

∆𝐸r = 𝐸¥f − ∆𝐸Ú − 𝐸¥c (5.3)  

The result is that 𝛷Ä = 0.5𝑒𝑉, ∆𝐸Ú = 0.25eV, and ∆𝐸r = 0.35𝑒𝑉 

At zero bias, ITO, a-Si:H and n+-crystalline silicon share the same Fermi level. Under 

reverse bias, that is, a negative bias applied to the ITO with respect to the n+-

crystalline silicon substrate, the quasi-Fermi level of the n+-crystalline silicon 

substrate gets pushed down with respect to the ITO highest occupied level. No matter 

the bias, the Schottky barrier height and band offsets calculated above remain the 

same, and the band bending will be such that the above calculated values are satisfied. 

The resulting band diagram is shown in Fig. 5.2 for a relatively thin amorphous silicon 

layer thickness of 30 nm. Note the band diagrams represent the ideal case with no 

interfacial defect states. In the presence of interfacial states, a positive sheet charge 

could develop which would cause interfacial band bending in the amorphous silicon 

that would impede electron flow. This effect could reduce the quantum efficiency. 
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Figure 5.2: Band diagram of the ITO/a-Si:H/n+-Si CEP detector under zero bias (a) 

and reverse bias (b). 

The full cycling process of CEP in a-Si:H is now described for this layer 

structure and shown in Fig. 5.3. A photon absorbed in the crystalline substrate 

generates an electron-hole pair. The electron, being a majority carrier, is collected at 

the bottom electrode. The hole is accelerated across the amorphous silicon region 

where it can excite an electron from the valence band to the conduction band tail, 

slightly below the mobility band of extended states. By doing so, a free hole is 

generated in the valence band which can be collected by the top electrode. The excited 

electron can reach an extended state through phonon interaction. This electron can 

then be accelerated across the amorphous silicon gain region and excite an electron 

from the valence band tail into the conduction band. By doing so, this creates an 

additional mobile electron and a localized hole. The localized hole created in the 
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valence band tail can reach an extended state through phonon interaction, thereby 

completing the cycling process. 

 

 

Figure 5.3: Complete cycling process in an a-Si:H CEP detector. 

5.3 a-Si:H CEP Detector Design 

 The fabrication process of the C-doped a-Si:H CEP detector is described. The 

process flow and final device cross section is also shown in Fig. 5.4, numbered 

according to photolithography steps. A heavily-doped n-type silicon substrate is used. 

Amorphous silicon is grown by PECVD in an Oxford Plasmalab 80+ PECVD system 

using silane (SiH4) as a precursor gas for amorphous silicon deposition and methane 

(CH4) as a precursor gas for carbon incorporation. The growth conditions include 

1500mT pressure during deposition and 270C for the sample stage. The SiH4 flow rate 

is 450sccm for all depositions, with a deposition rate of roughly 0.8 nm per second. 
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The chamber was first conditioned for 12 minutes using this SiH4 flow rate with no 

methane. Amorphous silicon samples 30 nm in thickness with 0%, 5% and 10% 

carbon were deposited by using CH4 flow rates of 0sccm, 24sccm, and 50sccm, 

respectively. Following the amorphous silicon deposition, the amorphous silicon film 

was further passivated with hydrogen gas using a Trion RIE etcher. Although the 

amorphous silicon could become partially hydrogenated during the PECVD step, the 

film was further hydrogen loaded in order to passivate dangling bonds associated with 

deep states. H2 could diffuse into the relatively thin amorphous silicon layer. The H2 

passivation was performed at 40C, 300mT, 77sccm H2 gas, 50W RIE power, for 60s. 

Roughly 200 nm of silicon dioxide was deposited on top of the amorphous silicon. A 

chromium/gold metal stack of 150 nm total thickness was deposited on top of the SiO2 

by the lift-off method. The Cr/Au was used as an etch mask to etch the SiO2 layer 

using a buffered oxide etch down to the amorphous silicon layer. Indium Tin Oxide 

(ITO) was then deposited by lift-off to a thickness of 200 nm. The ITO serves both as 

the active area definition and also part of the top electrical contact. Since ITO is 

transparent, it can completely cover the light-sensitive region. A mesa etch was then 

performed using both ITO and Cr/Au as an etch mask to completely etch the a-Si and 

partially into the substrate. Finally, titanium/gold metal stacks were deposited on the 

top and bottom of the mesa for electrical contact. 
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Figure 5.4: Fabrication process for the C-doped a-Si:H CEP detector. 

 The sample layout micrograph is shown in Fig. 5.5(a) and the detailed device 

top view micrograph is shown in Fig. 5.5(b). The device active area diameter was 

designed to vary from 15um to 30um for different rows of devices on the same die. 

The active area is the smaller circle as seen from the top view. The larger circle as 

seen from the top view is the signal contact pad, which is the top contact. The metal 

pattern surrounding the device is the ground contact, which contacts the bottom of the 

mesa. The pitch is designed to be compatible with a ground-signal-ground probe, with 

the signal probe contacting the top contact and the outer two ground probes contacting 

the contacts on the bottom of the mesa. 
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Figure 5.5: Top-view micrographs of the sample layout (a) and a single device (b). 

5.4 a-Si:H CEP High Speed Characterization 

 Despite the low carrier mobility of hydrogenated amorphous silicon, we 

demonstrate that appreciable bandwidth can still be obtained using the above design 

with a thin, 30nm carbon doped hydrogenated amorphous silicon multiplication gain 

layer [11].  

The optical and electrical setup for determining bandwidth is similar to that 

used for the high sensitivity characterization to be discussed shortly. The main 

differences are in the optical modulation, and the instrument used to process the output 

AC signal. For relatively low frequencies between 100kHz and 300MHz, amplitude 

modulation was applied to a 405nm laser diode with a frequency bandwidth of 
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300MHz. Full amplitude modulation was used to ensure that the driving current 

corresponding to the off state was sufficiently close to the laser threshold to ensure 

minimal lasing action in the off state. For each modulation frequency, the output 

power of the device can be determined from the power density at that center frequency 

as measured from an Agilent N9020A spectrum analyzer. For frequencies between 

100MHz to 10GHz, a 375nm PiLas Advanced Laser Diode Systems pulsed laser diode 

with 40ps pulsewidth was used to illuminate the laser. This is the same laser diode 

used for the sensitivity characterization in the following section.  The upper cutoff 

frequency was determined by measuring the power spectrum of the device response to 

the pulsed laser using the same spectrum analyzer. The different frequency 

components of the device frequency response is contained within the electrical pulse. 

The frequency range of interest is well above the laser diode repetition rate of 1MHz. 

The two frequency ranges, 100kHz to 300MHz and 100MHz to 10GHz, overlap in the 

region 100MHz to 300MHz. This region is used to calibrate the two methods of 

frequency response characterization and obtain consistent gain vs. frequency data over 

the region 100kHz to 10GHz. 

A 5% carbon-doped a-Si device was used for high speed characterization. Fig. 

5.6(a) shows the low dark current of amorphous silicon devices, which is even further 

suppressed by the incorporation of carbon. Fig. 5.6(b) shows the photocurrent gain vs. 

frequency for nearly three orders of magnitude for various reverse bias voltages. The 

gain shows high gain uniformity up to 1GHz and the gain rolloff is independent of 

bias voltage. The rolloff likely reflects an RC limit rather than the intrinsic 
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performance limit of the CEP effect. Taking 1.5GHz as the intrinsic bandwidth due to 

CEP and a gain of 1500 at -4V reverse bias, the gain-bandwidth product is 2.25THz. 

This represents a higher gain-bandwidth product accomplished with thinner 

multiplication layer as compared to leading silicon-based APDs.  

 

Figure 5.6: Dark current (a) and gain (b) versus reverse bias voltage for a 30 µm 

diameter active area C-doped a-Si:H detector with 5% carbon, courtesy of L. Yan and 

Y. Yu [11]. 

5.5 a-Si:H CEP High Sensitivity Characterization 

 5.5.1 Measurement with Low-Noise Amplifier 

A setup for high sensitivity is shown. A pulsed 375nm PiLas Advanced Laser 

Diode Systems laser diode was used to illuminate the device. The wavelength used 

was both 635nm and 375nm. The pulsewidth is roughly 50ps and the repetition rate is 

1MHz. As the output of the laser is free space, an aperture and 50X Mitutoyo infinity 

corrected lens are used to confine the beam onto the device active area, which is 30um 

in diameter. An image of the device illuminated by the 635nm laser diode is shown in 

Fig. 5.7. 
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Figure 5.7: 635nm beam spot roughly 10 µm in diameter impinging on the device 

active area. 

 The measurement setup for this sensitivity measurement is shown in Fig. 5.8. 

The PiLAS Advanced Laser Diode is used as a pulsed optical source. A 50x Mitutoyo 

objective is used to focus the beam onto the active area. The device is probed using a 

GGB Industries Picoprobe high-speed Ground-Signal-Ground (GSG) probe with 

175um pitch with 1 GHz bandwidth. The probe is SMA coupled to a Picosecond Pulse 

Labs 5530A bias-T. The inductive port of the bias-T is connected to a Keithley 2400 

source meter for device bias. The capacitive port of the bias-T is passed to an LNA 

chain with total gain of 155. The AC signal is finally passed to an oscilloscope where 

the output electrical pulse can be seen. A representative pulse is shown.  
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Figure 5.8: Experimental setup for sensitivity characterization of the a-Si CEP 

detector. 

 The DC gain vs. bias for different primary photocurrents is shown for a 30 µm 

diameter active area device in Fig. 5.9. The maximum gain reaches 105, which is even 

higher than previously reported for the heavily doped and compensated CEP detectors. 

Also important is that the gain increases with decreasing optical power.  
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Figure 5.9: DC Gain vs. reverse bias voltage for the a-Si CEP detector under 635 nm 

illumination. 

 An example of an impulse response on the oscilloscope in response to the 

optical input is shown in Fig. 5.10 for a relatively high optical power. The background 

noise is the limiting factor in achieving single photon sensitivity. One way to 

overcome the background noise of the system is to use averaging. While this method 

is not suitable for high speed applications, it could possibly be applied to imaging 

applications, and also provides important information about the sensitivity capability 

of the detector given further improvement in system noise.  
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Figure 5.10: Example single-shot impulse response from the oscilloscope in response 

to a 635 nm input optical pulse. 

The averaged oscilloscope impulse response is shown in Fig. 5.11(a). 

Sensitivity down to 200fA primary photocurrent is shown, which corresponds to 1.25 

photons per pulse. The signal intensity as a function of photon number is shown in 

Fig. 5.11(b) and shows nearly two decades of dynamic range. 
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Figure 5.11: 635 nm averaged impulse response for different photon numbers 

(a) and signal intensity versus photon number (b). 

The averaged impulse response was also performed for 375nm illumination for 

a 20 µm diameter active area device. We show the averaged response in the time 

domain in Fig. 5.12(a), with an inset showing the same response in a finer scale, with 

the dark subtracted. The sensitivity under 375 nm illumination is also close to the 

single photon level. The peak magnitude of the impulse response at 5V reverse bias is 

shown in Fig. 5.10(b), which similar to 635 nm illumination, shows roughly two 

orders magnitude of dynamic range. The impulse response indicate that the same 

sensitivity can be achieved with 375nm and 635nm, showing strong response in both 

UV and visible.  
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Figure 5.12: Averaged impulse response of the a-Si CEP detector in response to 375 

nm pulsed illumination (a), and signal intensity versus photon number (b). 

The gain at 5V under 375 nm pulsed illumination is shown in Fig. 5.13, 

measured at both DC and from the time averaged electrical pulse. The gain from the 

averaged impulse response is found by integrating the area under the curve to find the 

total charge based on the following equation 

𝑀 𝐼"59 = f
gS¹�∙R∙N∙-C�a

𝑉 𝑡 𝑑𝑡(�
(a

 (5.4) 

where 𝑀{UVis the gain of the LNA and attenuator chain, which is around 155, 𝑅 is the 

impedance, 50-ohm, 𝑇is the period, 1 µs, 𝑡9 and 𝑡fdefine the pulsewidth over which to 

integrate, typically between 1ns and 2ns, and 𝑉 𝑡  is the signal voltage at a given time. 

The integration is a numerical trapezoidal integration of the data, which can be done 

for each photon number. The DC gain and integrated gain are close to each other, and 

both show increasing gain with decreasing optical power, which is one signature of the 

CEP effect and very important for low light level detection.  
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Figure 5.13: Integrated gain and DC gain versus photon number for the a-Si CEP 

detector under 375 nm illumination. 

5.5.2 Motivation for Low Noise Circuit Design 

While the averaged results are promising, it is desirable for many situations 

including high speed characterization to demonstrate single photon sensitivity by a 

single shot, without any averaging. This requires careful amplifier selection and setup 

design.  

Any photodetector requires one or more amplifier stages to generate a 

detectable signal from the photocurrent. A single photon detection setup in particular 

requires careful amplifier selection to assure that the detector current is above the 
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amplifier noise current. A Low Noise Amplifier (LNA) typically offers high 

bandwidth exceeding 1 GHz. The tradeoff of high bandwidth is higher input noise 

current, which arises from the thermal noise. The spectral density of the thermal noise 

current resulting from the amplifier is given by  

𝑖# =
OPQN
R

= O∙f.ÍÖ×f9�W¯�ã��∙c£Öã
º9ä

= 18𝑝𝐴 𝐻𝑧 (5.5) 

For a typical LNA bandwidth of 1GHz, this corresponds to 574nA. The LNA noise 

current is too high to suffice for linear mode single photon detection, as will be shown 

soon. The LNA is suited for Geiger mode single photon detection where the noise is 

not a relevant parameter. For high sensitive sub-geiger mode operation, however, a 

different amplifier type is typically chosen due to the critical balance between noise 

and sensitivity.  

A transimpedance amplifier (TIA), although typically offering a smaller 

bandwidth than an LNA, can offer lower input noise current. Thus, a TIA is widely 

used as a preamplifier for APDs in optical fiber communications receivers as a 

preamplifier. The role of the preamplifier is to convert the photocurrent from the 

photodiode into a voltage, which can then be passed to a later amplifier stage such as 

an LNA. The photocurrent is amplified with a certain transimpedance gain, given by 

the ratio of output voltage to input current.  

 The amplifier noise requirements for a single photon detection system depends 

on the desired bandwidth and photodetector internal gain and noise. For pulsed laser 

illumination using optical attenuation to control the input photon number per pulse, it 
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was already determined that the number of photons per pulse is given by 𝑁"5 =
-C�aN
3

 

for a given primary photocurrent and laser repetition period. This means that the 

average primary DC photocurrent at 0V bias must be around 200fA for the 1us 

repetition period used in our setup. A PiLAS advanced laser diode is used with 

pulsewidth of 50ps. The single photon peak is much broader due to quenching time of 

the device and is around 1ns, limited by the sampling rate of the oscilloscope. The 

device gain is given as 𝑀 = -C§³�×�q
3UC�

 where PW is the electrical pulsewidth of the 

device. Assuming a device gain of 500 with unity excess noise factor, the TIA must be 

able to detect 80nA peak current for single photon detection. Assuming we would like 

to detect the electrical pulse response to within 1ns, the TIA would need 500MHz of 

bandwidth. Thus, for the 80ns peak pulse to be above the noise of the TIA, the spectral 

density of the noise current must be within 4pA/ÖHz. Thus, from the previous 

calculation of 18pA/ÖHz for the LNA, the LNA would not suffice for single photon 

detection. 

5.5.3 Circuit Design for Low Noise a-Si CEP Detector 

 Based on these criteria, we select a MAXIM Integraged 3658 TIA with 

580MHz bandwidth and 18k-ohm transimpedance gain. The input referred noise is 

45nA measured at 467MHz. This gives a noise spectral density ipsd of 2pA/ÖHz 

which is within the requirements of single photon detection assuming a device gain of 

500.  
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Another way of assessing the TIA performance is to consider that the number 

of electrons produced by the TIA within a measurement interval must be greater than 

the noise spectral density normalized by the TIA bandwidth: ,g
∆(
> 𝑖"²] 𝐵𝑊],h}*, 

where ∆𝑡 = f
Äq®§å�=§

 and BW is the bandwidth corresponding to the measurement of 

the input referred noise. Thus, the required gain for single photon detection for the 

MAXIM Integrated TIA is  

𝑀 > }Cæ®
, Äq®§å�=§

= c"V/ XY
f.»×f9��ÙÚ ºÖ9gXY

= 521 (5.6) 

which is similar to the device gain assumption we made previously. 

 The PCB layout including the TIA is shown in Fig. 5.14. A sample containing 

the photodetector is mounted on a pad using silver paste or epoxy. The signal and 

ground are wirebonded to coplanar waveguides. A bias-T is used in front of the TIA to 

allow a DC bias to be applied to the photodetector and the AC component of the 

photodetector current, containing the pulse, to be passed to the TIA. Since the 

MAX3658 has a differential output, an MPGA-105+ dual matched amplifier was used 

to amplify the output of the TIA. A TC1-1-13M+ rf-transformer was used to convert 

the differential amplifier output to a single-ended output. The PCB was also made to 

be 75-ohm in order to match the 75-ohm output impedance of the TIA. 
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Figure 5.14: Block diagram of printed circuit board (PCB) design for the CEP a-Si 

detector assuming device gain of 500. 

 The PCB was calibrated using a sinusoid function generator rather than device 

at the detector input. The calibration setup is shown in Fig. 5.15. A 50-ohm resistor 

and 1.58k-ohm resistor were soldered on to the board only for calibration. The TIA 

and dual amplifier were biased according to the specifications, and the output was 

measured with an oscilloscope. The noise floor of the system is 10Vpp, or 5V 

amplitude. It was found that the input power from the function generator required to 

get a signal to exceed this noise level was -65dBm. This corresponds to the power 

from the function generator into the 50-ohm resistor soldered onto the board. The 

power from the function generator is given by 𝑃+¦² =
f9

�çè
�a

f999
= 316	𝑝𝑊. Noting that 

the peak voltage is related to the root mean square voltage as 𝑉+¦² = 𝑉 2, the power 

is related to the input peak voltage as 𝑃+¦² =
r·Aæ

W

R
= rW

cR
. The peak voltage is then 

𝑉 = 2 ∙ 50𝛺 ∙ 3.16×10;f9 = 178	𝜇𝑉. The input peak current is  

𝐼",±P =
fÃÖ	�r
c	PÕ

≈ 90	𝑛𝐴. 
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The 2 kW resistance comes from the 1.58 kW resistor soldered onto the board and the 

400W input resistance of the MAX3658. 90nA peak current is close to the 80nA peak 

assumed previously assuming a device gain of 800 with a 500MHz bandwidth. The 

theoretical maximum possible voltage at the output given a 90nA peak current at the 

input is given by 𝑉¦±Ô = 90𝑛𝐴 ∙ 18𝑘𝛺 ∙ 10fO.O c9 = 8.5	𝑚𝑉. After accounting for a -

0.5dB (10%) loss through the RF transformer and -0.3Db (7%) loss through the bias-

T, the maximum voltage we could hope to see at the output would be 𝑉¦±Ô = 7.1	𝑚𝑉. 

Thus, the 5mV we obtain at the output from a 90nA input peak current is not far from 

ideal. 

 

Figure 5.15: Measurement diagram for PCB calibration 

5.6 Conclusion 

 An amorphous silicon CEP detector with carbon doping was shown to have 

high gain-bandwidth product and single photon sensitivity. At present, single photon 

sensitivity was shown for the averaged impulse response, which may be valuable for 

imaging but not suitable for high speed applications such as communications. Thus, a 



	

	

110 

noise reduction design was introduced involving a Maxim Integrated 3658 

Transimpedance Amplifier with 18 k-ohm transimpedance gain, 580 MHz bandwidth. 

While below the intrinsic a-Si CEP device bandwidth, 580 MHz is sufficient to 

resolve single photon pulses. The 45 nArms input referred noise meets the requirements 

for single photon detection assuming a device gain of 500, which we have shown our 

devices are capable of achieving considering both DC and charge integration of the 

pulse. 

 A PCB was implemented to realize this design, and successfully calibrated 

using a photodiode emulation method based on the desired photogenerated peak 

current arising from the optical pulse. Remaining challenges include device 

packaging, in which wedge bonding must be performed in order to make contact to the 

50 µm pad. While simple in theory, the act of ultrasonic bonding can degrade the dark 

current and even short the device. A tradeoff between contact pad size, ideally small to 

reduce capacitance and maintain high bandwidth, and ease of packaging is thus a 

challenge. Careful optimization of pad size and ultrasonic bonding power is critical.  

 Portions of Chapter 5 are currently being prepared for submission for 

publication of the material. L. Yan, Y. Yu, A. C. Zhang, D. Hall, I. A. Niaz, M. A. R. 

Miah, Y. H. Liu, and Y. H. Lo, “An amorphous silicon photodiode with 2 THz gain-

bandwidth product based on cycling excitation processes”; D. Hall, Y. H. Liu, L. Yan, 

Y. H. Lo, “Approaching the quantum limit of photodetection in solid state 

photodetectors,” IEEE Transactions on Electron Devices. The dissertation author was 

a coauthor/primary author of this material. The dissertation author would also like to 
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Chapter 6 Conclusions and Outlook 

 This thesis presented two main approaches at overcoming limits in 

conventional solid state photodetectors. The ultimate goal is a detector that has the 

following properties: 

• single photon sensitivity 

• wide dynamic range > 20dB (two orders of magnitude) 

• low operation bias <5V 

• high speed >10 GHz 

This could enable emerging applications in quantum key distribution, time resolved 

imaging, and on-chip silicon photonics. So far, SPADs can achieve single photon 

sensitivity, and APDs can achieve high speed and wide dynamic range, but no single 

detector utilized on a wide scale has all of these characteristics. 

 First, a coupled gain mechanisms device concept was introduced which uses 

bipolar gain. Coupling gain mechanisms in a single device has the following key 

attributes: 

1. Reduces avalanche gain required to achieve a given overall gain 

2. Restricts gain fluctuation and excess noise by virtue of the negative feedback 

between avalanche and bipolar gains 

A model based on current continuity offers insight into how to optimize the degree of 

negative feedback by adjusting the electron and hole escape times, which could be
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 done through bandgap engineering in a practical device. The MAGIC detector was 

experimentally realized in the InP-InGaAs material system. 10 photon sensitivity was 

obtained at a bit error rate of 10-2, only 6 photons from the ideal quantum limit. The 

BER at 35 photon sensitivity is around 10-8. For comparison, InP APDs used in optical 

fiber communications require roughly 1000 photons to achieve a BER of 10-9. A 

Monte Carlo model was also developed which verifies the MAGIC detector has wide 

dynamic range and single photon sensitivity capability with a high SPDE. 

 Next, an alternative signal amplification mechanism in semiconductors was 

introduced. Cycling Excitation Processes uses localized states in disordered material to 

relax the k-selection rule and increase the probability of carrier excitation into the 

mobile band. Furthermore, electron-phonon coupling, which is enhanced for 

localization of states, is key to the cycling process. Thus, CEP can be summarized to 

have two critical components: 

1. Auger excitation: Unlike the impact ionization, which is a band-to-band Auger 

excitation, CEP utilizes impurity-to-band Auger excitation, a process which 

can occur at far reduced bias due to relaxation of momentum conservation and 

enhanced excitation probability. 

2. Phonon absorption: electron-phonon coupling, which is enhanced for 

localization of states, completes the cycling process by enabling electron 

transitions involving shallow localized states. 

CEP was first demonstrated in heavily doped and partially compensated 

silicon. Minority acceptors in the n-region and minority donors in the p-region are the 
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localized states which participate in CEP. Auger excitation creates free carriers by 

neutralizing the impurities, and phonon absorption results in the re-ionization of those 

impurities. A number of merits of CEP detectors using heavy doping and 

compensation were realized: 

• Gain of nearly 5000 at 3V reverse bias under 635 nm illumination 

• Excess noise factor of 1.33 at a gain of over 2000 

• Increasing gain with decreasing optical power, favoring high sensitivity 

• Increasing gain with increasing temperature, favoring room temperature 

operation 

• Gain of 104 and responsivity of 100A/W at 4V reverse bias under 1060 nm 

illumination 

A physical model based on rate equations was also used to verify that the maximum 

achievable gain in our CEP detector under 1060 nm illumination is 105. 

 CEP was subsequently demonstrated in carbon-doped hydrogenated 

amorphous silicon. Amorphous silicon, by virtue of localization of shallow states, 

relaxes momentum conservation and increases electron-phonon coupling, vital to CEP. 

Hydrogen loading was used to passivate the undesired deep levels. Furthermore, 

introduction of carbon allows the tailoring of disorder. A CEP C-doped a-Si:H 

detector was developed, which demonstrated: 

• Drastic dark current reduction compared to heavily doped CEP devices 

• Suppression of dark current with incorporation of carbon 
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• Increasing gain with carbon loading 

• High gain between 2000 and 105 

• 1 GHz bandwidth and 2.25 THz gain-bandwidth product 

• single photon sensitive capability using averaged impulse response 

Additionally, a circuit design was presented, which is expected to significantly reduce 

the system noise floor and improve the signal to noise ratio. This will be vital for 

achieving single photon sensitivity in single shot mode rather than averaging, which is 

required for communications. The PCB is fully developed and calibrated, and 

expected to deliver promising results for the C-doped a-Si:H CEP detectors in the near 

future.  

 

 

  

 

 

 

 

 

 




