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ABSTRACT
Future smart-lighting systems are expected to deliver adaptively color-tunable and high-
quality lighting that is energy efficient while also offering integrated visible-light
wireless communication services. To enable these systems at a commercial level,
inexpensive and fast sensors with spectral-sensing capability are required. CMOS-
compatible silicon avalanche photodiodes (APDs) can be an excellent fit to this problem
due to their excellent sensitivity, high speeds and cost effectiveness; however, color
sensing is a challenge without resorting to expensive spectral filters, as done in
commercially. To address this challenge, we have recently designed and modeled a novel
CMOS-compatible dual-junction APD. The device outputs two photocurrents
simultaneously, one for each junction, and each junction is controlled independently via a
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bias voltage so that each photocurrent can exhibit its own avalanche amplification factors
and sensitivity. What is unique here is that each APD responds differently to different
wavelengths because of (1) the wavelength-dependent nature of the light-absorption
profile in the device, and (2) the dependence of the avalanche multiplication process on
the location of photon absorptions (and hence on wavelength). The idea is to produce a
series of photocurrent pairs, at judiciously prescribed pairs of biases for each acquisition,
which would contain sufficient spectral information about the light as well as its
intensity, which can be extracted from the data via an algorithm. Modeling shows that we
can ideally use a pair of biases to detect the color and intensity within 10 nm spectral
resolution in the 440-650 nm wavelength range using a maximum likelihood (ML)
algorithm. In practice, however, the spectrum and intensity must be calculated from the
series of measured photocurrent pairs using a ML algorithm, which would employ the
wavelength and bias-voltage dependent joint probability density function (pdf) of the two
photocurrents. The pdf accounts for both APDs’ responsivities in the presence of Johnson
(electronic amplifier) noise, dark current, and most importantly, the avalanche gain
uncertainty, represented by the excess-noise factor at each wavelength.

We have designed a programmable, inexpensive (CMOS compatible) dual-junction
silicon APD that outputs the intensity and spectrum of the sensed illumination that
addresses the needs of smart lighting without the use of any spectral filters. The efforts
include: (1) the computation of the mean gain, excess noise factor and avalanche
breakdown voltage for the dual APD as a function of bias and wavelength, (2)
development of an exact analytical formula for excess noise factor under mixed injection,

and (3) development of an exhaustive computation of the ML estimates of the intensity
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and spectral profile. The ML computations include an exhaustive search of a
multidimensional space of wavelength and intensity values.

As mentioned earlier, each APD responds differently to different wavelengths due to the
dependence of the avalanche multiplication process on the location of photon
absorptions. This phenomenon leads to the mixed-injection avalanche multiplication
process and the mean gain uncertainty, i.e., excess noise factor. Note that the well-known
analytical formula for the excess noise factor associated with avalanche photodiodes
(APDs), developed by R. J. Mclintyre in 1966, assumes the injection of either an electron
or a hole at the edge of the APD’s avalanche region. This formula, however, is not
applicable in cases when photons are absorbed inside the avalanche region, and its use
may severely underestimate or overestimate the actual excess noise factor depending on
the absorption profile and the hole-to-electron ionization coefficient ratio, k. Here, an
easy-to-use exact analytical formula is derived for excess noise factor while taking into
account a mixed-carrier initiated avalanche multiplication process, which is triggered by
a parent electron-hole pair at an arbitrarily specified location within the multiplication
region. In addition, an expression for the excess noise factor is presented in the case when
the location of the parent electron-hole pair within the multiplication region obeys an
arbitrary exponential distribution. The results show that in contrast to the case of edge
parent-electron injection, when mixed injection is allowed even a small level of hole
ionization (e.g., small k~0.0001) causes the excess noise factor to increase dramatic,
depending on the absorption profile as it ranges from narrow to flat within the
multiplication region. The theoretical results are validated against experimental results

for Si APDs.

vii



Table of Contents

=T [ o= U1 o] o ISP PRSI ii
ACKNOWIEAGEMENT ...t 1\
N o1 1 = Tod TSRS %
LIST OF FIQUIES ...ttt sttt ettt et esne e te et e neenee e Xi
LISt OF TADIES ... et nreas XVi
(O =) PSSO SPPPS 1
INEFOAUCTION ... ettt bbb enes 1
I 0] AV o] ISR SO TP 1
1.2 Fundamental RESEAICN.........ccuciiiiiiiie i 3
1.3 OUutling OF DISSEITALION. .......eiveeiieiiiieite sttt 4
1.4 RETEIBINCES ..veevieieee ettt bbbttt sb e anes 5
CRAPLET 2.ttt b bttt bbb 7

Low-Voltage p-n Junction CMOS Avalanche Photodiodes for Smart-Lighting

APPHCATIONS ...t bbb 7
2.1 ADSTIACT. ...ttt bbbt 7
2.2 INTFOTUCTION ...ttt bbb 7
2.3 DBVICE SITUCTUIE ...ttt bbb 8
2.4 Calculation MEthOd ..........cooiiiiiie e 9
2.5 NUMEIICAl RESUILS. ......coviiiiiiiii et 11
2.6 DeVICE FabITCALION......c.ooviiiiiiiiit i 14
2.7 Current-Voltage Characteristics and Quantum Efficiency............cccocvevviieennen. 15
2.8 MEAN IMIAIN ...ttt 17
2.9 SPECLIAl RESPONSE ....vviieiie ettt beeereas 19
2.10 CAPACITANCE ...vviiviieiie ettt ettt e b e e be e e beesae e s e e sreeereeas 20



2.11 Integration of CMOS APD with Waveguide Structure...........ccoccevvveveiiveieennns 20

2.02 CONCIUSION ...ttt e e e e e e e e eenaeens 21
RETEIEINCES ...ttt e e ettt e e e e e e e e e e e e e e e e e e e 21
(O =) SR 24

Low-Noise Speed-Optimized Large Area CMOS Avalanche Photodetector for

Visible Light ComMmMUNICATION ........ccoiiiiiiiiiiiiece e 24
B L ADSEIACT. ... s 24
3.2 INTrOAUCTION ..ttt 24
3.3 DBVICE STIUCTUIE ...ttt bbb 27
3.4 Modeling and Simulation RESUILS............ccceieiiiiiiieeeee s 29
3.5 Measurement RESUILS...........c.oiiiiiiecree e 36
3.8 CONCIUSTON ...ttt 45
RETEIEINCES ...ttt ettt 46
(O T o) SR 51

Exact Analytical Formula for the Excess Noise Factor for Mixed Carrier

Injection Avalanche Photodiodes............cccueiveiiiiiiicicccce e 51
4.1 ADSITACT. ...ttt 51
4.2 INTFOAUCTION ..ottt e e 52
4.3 ANAIYLICAI MOTEL ..o s 54
A. Formula for Mixed-Injection Mean Gain ..........ccccooeieiiieniinienieiee e 56
B. Formula for Mixed-Injection Excess-Noise Factor ............ccccoovvvienencieninnnnns 60

C. Analytical Expressions for Distributed Mixed-Injection M and F with an

Exponential Decay FUNCLION ..........coviiiiiiie it 63
A 3 RESUILS ...t 64
4.4 Experimental Validation of the Theory .........ccccocveie i, 71



A5 CONCIUSTON ...ttt e e e e e e e et e e e e e e e e e e e eeaeenanans 73

N o] 0L 40 1 SO USTRPRN 74
A. Exact Expressions for Z(X) @nd Y(X) ...c.ccveveeieieeiesiese e 74
B. Exact Expressions for za(X) and Y2(X) ....ccoveeeereiieeieeiesiese e se e 75
RETEIBINCES ...t ene s 79
CNAPLET 5.t 81

Algorithmic Multi-color CMOS Avalanche Photodiodes for Smart-lighting

APPHCATIONS ... bbbt 81
5.1 ADSIIACT. ...ttt b e 81
5.2 INTFOUUCTION ...ttt bbb 81
5.3 Spectral Sensing Algorithm Using Maximum Likelihood Estimator ................. 85

5.4 Application of Algorithm to a Dual-Junction P+/N-well/P-sub CMOS APD .... 88

5.4.1 DEVICE SIIUCKUIE ..ottt ettt 88
5.4.2 Calculation of Mean Gain and Excess Noise Factor ...........ccoooeviiicneiinennns 89
5.4.3 Measurement RESUILS...........cooiiiiiiiiie s 90
5.5 Proposed Dual Junction Si APD with an Antireflection Coating........................ 95
5.5.1 Simulation Results Using Sentaurus TCAD.........ccccoveiieveeie i 96
A. REFIECTION SPECIIA ... 96
B. Incident, Absorbed and Photogenerated Carrier FIUXeS.........cccocvevvviveiveinnennen. 98
C. Quantum Efficiency and RESPONSIVILY ........cccoiiiiiiiiniiiiieeeee e 100
5.5.2 Spectral Sensing Algorithm for the Dual-Junction SAM APD...........c.ccoc.... 102
5.6 Wavelenghth ReSOIULION. ..o 106
5.7 CONCIUSION ...ttt bbb 109
5.8 FULUIE WOTK ...ttt 109
RETEIBINCES ... 109



List of Figures

2.1 Schematic device structure of a CMOS compatible APD ..........cccoviiiiiiiiiciine 9

2.2 (a) Calculated electric-field profile as a function of x in the depletion region of width
W =192.2 nm for Si. VR = 8.67 V, Na=3.5x 1017 cm-3 and Nd = 9.5 x 1018 cm-
3. (b) Calculated electron and hole ionization coefficients, a and P, for Si as a

function of x in the depletion region of W = 192.2 NM ........cocoviiviiiiiiiniiciees 12

2.3 Calculated mean gain as a function of the applied reverse bias voltage with different
base doping concentrations (Ny). Here, Ny = 9.5 x 10® em™ ......ccoooovvvvvivieriiernnnne, 13

2.4 Calculated excess noise factor as a function of mean gain with different base doping

concentrations (Np). Here, Ny = 9.5 X 10™ em™ ...oooviviciiceeeeeeeees e, 13
2.5 1-0-0 orientated P type Si wafer (dopant boron) ...........cccccvevviiiiieie i 14
2.6 Active dimensions 0f CMOS APDS .......ccooiiiiiiiineiese e 14
2.7 Fabricated CMOS APDs and probing for measurements...........c.cccccvvvevvevesiiesnenns 16

2.8 Experimental dark- and photo-current characteristics of 200 um x 200 um CMOS
APD. Measurements were performed shining 635 nm laser output onto APD device
with optical power density of ~3.33 MW/CM? ...........ccooerverierieeeeeeseeseeeeeeseesissinnes 16

2.9 Mean gain as a function of applied reverse bias voltage. Measurement was performed
shining 635 nm laser output onto APD device with optical power density of ~3.33
MWWICITIZ. et ee et ee e ee e 18

2.10 Measured spectral response of CMOS APDs for the applied reverse bias voltage of

2.11 Capacitance-voltage measurements for the 200 um x 200 um CMOS APD............. 19

2.12 (a) Plenoptic detector with angle-of-incidence and wavelength integration; (b)
Demonstration of waveguide coupling and propagation for a green laser source.
Figure 2.12 is reproduced from [19]. .....ccoiiiiiiiiic e 20

3.1 Investigated silicon APDs fabricated in 0.13-um CMOS technology: (a) die
micrograph, (b) layout view showing 20 x 20 um? sub-sections, (c) P+/N-well/P-sub

Xi



structure (350 x 350 pm?) with reduced transit time and (d) N-well/P-sub structure
(270 x 270 pm?). (a)-(c) are reproduced from [3]. ......oveeveerereeeeeeeceeeeeeeeeeeeeeseseene 29

3.2 P+/N-well/P-sub APD structure showing direction of electron injection (a) and N-
well/P-sub structure showing the direction of electron injection (b)...........ccccccueneee. 30

3.3 Calculated electric-field profile as a function of x in the depletion region (a),
calculated dead spaces for electron (d¢) and hole (dy) (b), and calculated electron and

hole ionization coefficients, & and B (C)....ccccevveierieerieiie e 33

3.4 Simulated absorbed photon density as a function of device depth for the P+/N-well/P-
sub and the N-well/P-sub APD devices. Simulations were performed using Sentaurus
TCAD SOTIWANE TO0L.......oieieiicee e nes 35

3.5 Measured dark current versus applied reverse bias voltage for the P+/N-well (P+/N-
well/P-sub) and the N-well/P-sub APD deVICES. ......c.ccceevueeieiieie e 36

3.6 Measured spectral responsivity as a function of wavelength for the P+/N-well (a) and
the N-Well/P-Sub (D) APD dEVICES.........cooiiiriiiieieieiese e 39

3.7 Measured capacitance versus applied reverse bias voltage for the P+/N-well (P+/N-
well/P-sub) and the N-well/P-sub APD 0EVICES... ....coieereiieiiere e 40

3.8 Block diagram of the mean-gain and excess-noise measurement system. The TIA
consists of an op-amp with a feedback resistor Ry and capacitor C; This block

diagram is reproduced from [35].... ccccvcoiiiiiieieic s 41

3.9 Measured mean-gain versus reverse bias voltage for the P+/N-well (P+/N-well/P-sub)
and the N-well/P-sub APD devices, respectively, using a 460 nm LED, and 542 nm
and 633 nm lasers. Wavelength dependent mean-gains are calculated using non-local
DSMT analytical MOUEL...........cooiiiiecic st 44

3.10 Measured excess-noise factor versus mean-gain for the P+/N-well (P+/N/well/P-sub)
and theN-well/P-sub APD device, respectively, using 542 nm and 633 nm lasers.
Wavelength dependent excess noise-factors are calculated using non-local DSMT
analytical model. Mclntyre’s curves are denoted with k =0.1, 0.2, 0.3,and 0.4 ....... 44

4.1 Mean-gain, M(x), as a function of the electron ionization parameter, aw. Six cases of

hole-to-electron ionization coefficient ratio (k) and three cases of relative mixed-

xii



injection parameter (x/w) are considered with k values of 0.0001, 0.001, 0.01, 0.1, 0.5,
and 0.9 and x/w values of 0, 0.5 and L [24] ....cceovveiieiiiieceee e 65

4.2 Excess-noise factor, F(x), as a function of mean gain, M(x). Six cases of hole-to-
electron ionization coefficient ratio (k) and three cases of relative mixed injection
parameter (x/w) are considered. The k values are 0.0001, 0.001, 0.01, 0.1, 0.5, and
0.9 and x/w values are 0, 0.5 and 1. Excess noise factor calculated using CM approach
is compared with that calculated using ENM for k = 0.1, k = 0.5 and k = 0.9,
respectively. For ENM, the values of normalized dead space (d/w) are chosen to be 0,
0.01, and 0.1 and are represented by --o--, --a--, and -=--, respectively. In addition, red,
green, and blue lines represent relative mixed injection parameter (x/w) with the

values of 0, 0.5 and 1, reSPectively [24] .......cocv i 67

4.3 Probability density function (PDF) of the photon absorption location as a function of
the absorption location (x) for different absorption coefficient (a’) from flat to narrow

with an exponential decay fuNCtion [24]........cccooiiiiiiii s 68

4.4 Excess-noise factor (F) as a function of mean gain (M) for different absorption
profiles with an exponential decay function. Six cases of hole-to-electron ionization
coefficient ratio (k) are considered. The k values are 0.0001, 0.001, 0.01, 0.1, 0.3 and
0.4. In addition, McIntyre’s k (5/a) lines (i.e., x/w = 0) are shown using the dotted
lines: 0.0001, 0.001, 0.01 and 0.1 to 1 with an increment of 0.1 [24] .......ccceevvvvvenne 69

4.5 Excess-noise factor (F) as a function of mean gain (M) for the N-well/P-sub CMOS
APD. The triangles are the measured values reproduced from [9] using a 633 nm He-
Ne laser. The solid and dotted lines indicate calculated results using exact analytical

formulas under total mixed-injection and edge-electron injection respectively [24]..71

5.1 A dual-junction Si APD fabricated using IBM 0.13-um CMOS process: (a) layout
view showing 20 x 20 pm? sub-sections and (b) P+/N-well/P-sub structure (350 x
350 pm?). (a)-(b) are reproduced from [19].......coevervreereeeeeeeeeeeee e 88

5.2 P+/N-well APD section showing direction of electron injection (a) and N-well/P-sub
APD section showing the direction of electron injection (b). (a)-(b) are reproduced
TTOM [10] et 89

Xiii



5.3 Measured dark-current as a function of applied reverse bias voltage for the P+/N-well
and the N-Well/P-SUD APD GEBVICES..........cuuiiirieieienie et 90

5.4 Measured excess-noise factor versus mean-gain for the P+/N-well and the N-well/P-
sub APDs, respectively, using 542 nm and 633 nm lasers. The wavelength dependent
excess-noise factors are calculated using non-local DSMT analytical model.
Mclntyre’s curves are denoted with k=0.1,0.2,0.3,and 0.4..........cccovvvevvevieseennn. 90

5.5 Measured spectral responsivity as a function of wavelength for the P+/N-well (a) and
the N-well/P-sub (b) APDS 0f DAPD TEVICE. ....ccceeveiieiiiiesiieie e 92

5.6 Photocurrent ratio of the N-well/P-sub and the P+/N-well APD as a function of
wavelength at the applied reverse bias voltage of -10 V.. .....cccovvviiiieiviieviecee 93

5.7 Normalized joint pdf as a function of photocurrents from the P+/N-well/Psub DAPD
for the color detection using the spectral sensing algorithm. However, this dual APD
yields ambiguity in color detection as different peaks appears for a particular
wavelength. This is due to the excessive fluctuations in photocurrents which results
from irregular transmission characteristics as light passes through the dielectric stack
AtoP the APD SUITACE... ..c..iieieciece et 93

5.8 Schematic device structure of a double-junciton CMOS-compatible SAM APD

5.10 Simulated incident (Ni,), photogenerated (Nop), and zero-bias photocurrent fluxes

(Npno) as a function of visible wavelenghth of light [13].........cccoooiiiiiiniiiiiins 100

5.11 Simulated external and internal quantum efficiency (EQE and IQE) for the blue (top)
and red enhanced (bottom) photodiodes, respectively [13]......ccccocevvveviiieiiecieenenn, 101

5.12 Simulated external and internal spectral responsivity (ESR and ISR) for the blue (top)
and red-enhanced (bottom) photodiodes, respectively [13].......cccoceviiiiiieniiinnnnn. 101

5.13 Simulated photo-current as a function of wavelength at the bias voltages of 0, -3, -5,

aNd =7 V, TESPECHIVEIY.. .oovieieicee e 103

Xiv



5.14 Simulated responsivity as a function of wavelength at the bias voltages of 0, -3, -5,

and -7 V, TESPECLIVEIY. ....veiiiee e 103

5.15 Photocurrent ratio as a function of wavelength at the bias voltages of 0, -3, -5, and -7
N, TESPECTIVEIY.. oo 104

5.16 Color detection from dual-junction CMOS APD using the spectral sensing algorithm

with maximum lIKeliN0Od ESTIMALOT ... 105

5.17 Generation of random noise (Gaussian) using MATLAB software tools with
variances of 4.57x10' and 9.33x10® for the top and bottom APDs, recpectively.
This randomly generated noise is added to the Semtaurus generated photocurrent
SIGNAI TOT 448 NMIM ... 106

XV



List of Tables

2.1 lonization parameters fOr Si ..o e 10
2.2 Calculated parameters for N"p CMOS Si APD........ccccvvvviiieieieeceeeeseseee s 10
3.1 lonization parameters fOr Si [28] ... 34
3.2 Performance comparison with different silicon APDS ..........c.ccooiiiiiiininiiniiens 46
5.1 Calculated zero-bias quantum efficiency and responsivity [13].......ccccccoeiveninennnn 101
5.2 Estimated wavelength (RMSE = ALk = 4.83 nm) and optical input power................ 105

5.3 Determination of wavelength resolution for the estimated wavelength (true

wavelength values are 448 nm, 548 nm, and 636 NM)...........ccccevvevreieieeceerie s, 108

XVi



Chapter 1

Introduction

1.1 Motivation

The future solid-state smart-lighting system is a promising technology which will deliver
high quality, energy efficient, color tunable lighting and integrated wireless
communication services automatically and with minimal human intervention [1]. The
light sources and sensors are managed with robotic control architectures powered by new
control algorithms that process networked sensor data to simultaneously optimize energy
utilization and lighting system ergonomics (visual acuity, cognition, comfort and health,
and wireless data access). The benefits include improved energy savings, human health
and well-being, and greater worker productivity [1].

There is a need for the aforementioned emerging smart-lighting concepts for an
inexpensive and high-speed spectral sensing capability to enable adaptive lighting (smart
spaces) and visible-light communication [2]. One approach to address this need is to
design and fabricate a novel CMOS-compatible, cost-effective, high-speed multi-junction
Si avalanche-photodiode (APD) structure [3]. The novel color sensor will process light
with right color and intensity which will enable automatic adjust of right lighting for us at
any given time, optimized for human health and productivity. Aside from wavelength
selectivity, the dual-junction device can provide wavelength-dependent photocurrent
amplification to amplify any losses due to any filter-based selectivity as reported in

literature [4]. This in turn will provide better noise performance over ordinary



photodiodes where thermal noise is a limiting factor. The use of avalanche gain to
improve and unify responsivity across the visible spectrum is desirable because the gain
is generated internally within the detector (without the need for external amplifiers),
which offers an signal to noise ratio (SNR) advantage (without compromising speed) as
well as simplicity of design.

Recently, color detection methods have been reported [5], [6] for the buried double-
junction (BDJ) CMOS detector, without the need for any optical filters. The first method
[5] took into account the ratio of the two photo-currents (from two photodiodes) at a very
low reverse bias voltage which yields monotonically increasing function of the
wavelength, resulting in wavelength determination. This method of color detection
suffers from wavelength resolution. In this regard, the photo-current noise fluctuations
were taken into account to determine minimum distinguishable wavelength difference,
i.e., wavelength resolution [6]. However, this wavelength resolution degrades with the
decrease in the incident signal level. Note that both of the methods took into account
unity gain photo-current ratios for color determination. Therefore, a sophisticated spectral
and light intensity detection method is required which takes into account APD gains at
different bias voltages as well as photo-current noise fluctuations. The avalanche effect in
silicon can be exploited to increase their responsivity while using dual-junctions to offer
wavelength selectivity. This method can offer better wavelength resolution even at the
presence of low level of incident signal.

In this dissertation report, we propose a simple, inexpensive and high responsivity
CMOS-compatible dual-junction separate absorption and multiplication (SAM) APD

(two APDs in tandem) to be operated in the linear avalanche mode (breakdown voltage



below ~12 V). The design is based on an earlier single-junction design that operated
at a low reverse-bias voltage (below ~12 V) [7]-[8]. In order to detect the color and
intensity within 10 nm spectral resolution in the 400-700 nm wavelength range, we
develop a maximum likelihood (ML) estimation algorithm while taking into account
photocurrent noise fluctuations. This algorithmic color sensor is expected to provide
wavelength selectivity through integration with the aid of post-processing, which may
enable spectral resolutions higher than those available in the raw sensor data.

Moreover, easy-to-use and closed-form exact analytical formulas for the excess noise
factor are derived for mixed carrier injection and distributed-carrier injection APDs [9].
The simple formulas reported in this dissertation provide a valuable tool for optimizing
the design of APD structures that exhibit even small levels of photon absorption in their
multiplication regions. The newly-derived formulas reveal that in contrast to the case of
edge electron injection, even with a small level of hole ionization (e.g., small k ~0.0001),
the excess noise behavior exhibits a dramatic increase when mixed injection is allowed. It
is also shown that the distributed-injection excess noise factor increases relative to the
predictions offered by the classical Mclntyre’s theory, which assumes edge injection,
depending on the absorption profile as it ranges from narrow to flat within the
multiplication region. Comparisons show that McIntyre’s predictions of the excess noise
factor either underestimate or overestimate the distributed-injection F, depending on the

photon absorption profile and the value of k.

1.2 Fundamental Research
The key challenge is to design and fabricate dual APD using standard CMOS technology

with the following properties: (1) Low breakdown voltage ~10V; (2) Avalanche gain of



50 or higher; (3) High responsivity and high quantum efficiency; (4) Wavelength
selectivity and light intensity detectivity; (5) Low noise with high speed operation; and
(6) Availability of simple analytical formulas to predict mean-gain, excess-noise factor
and avalanche breakdown voltage in the case when photons are absorbed in the
multiplication region. The key barriers here are to maintain a low operating voltage
(below 10V) at high gains (50) while maintaining low dark currents. Our approach for
maintaining a low operating voltage is based on the careful design of a multi-junction
SAM APD, where the multiplication (depletion) region is thin (~200 nm) and restricted
to the depletion region. Another key strategy that we use to lower the voltage is
increasing the doping level which causes a further reduction in the multiplication region,
and hence a reduction in the breakdown voltage. The technique for enhanced quantum
efficiency and responsivity is based on the strong dependence of silicon absorption depth
on the incident light wavelength. Longer wavelength light penetrates silicon deeper than
the light with shorter wavelength. In order for the wavelength selectivity with accuracy, a
spectral sensing algorithm is developed using maximum likelihood estimator while taking

into account photocurrent noise fluctuations in the algorithm.

1.3 Outline of Dissertation

Chapter 2 describes details of modeling and numerical results including the calculations
of breakdown voltage, mean gain and excess noise factor of CMOS-compatible p-n
junction Si APDs using recursive dead space multiplication theory (DSMT). The APD
device was fabricated at Manufacturing Training and Technology Center (MTTC)
cleanroom at the University of New Mexico. Measured dark current, breakdown voltage,

spectral response and measured capacitance are also reported. Chapter 3 investigates N-



well/P-sub APD as well as the P+/N-well/P-sub APD device structures fabricated using
IBM 0.13-um CMOS technology. Specifically, we report here the measured dark-
currents, capacitances, as well as the calculated and measured spectral responsivity,
avalanche breakdown voltage, mean-gain, and excess-noise factor for both of the devices.
More importantly, we report wavelength dependent mean-gain and excess-noise factor
calculation using non-local DSMT analytical model. In Chapter 4, we derive easy-to-use
exact analytical formulas for the mixed carrier injection and distributed carrier injection
APDs. The analytical results are in excellent agreement with those calculated using the
exact, numerically implemented DSMT method [10]. The results are also in good
agreement with experiments [9].

Finally, design and modeling of algorithmic multi-color spectrsal sensor, i.e., dual-
junction CMOS compatible avalanche photodiodes are outlined in chapter 5. The findings
from p-n Si APD (Chapter 2) as well as N-well/P-sub and the P+/N-well/P-sub APDs
(Chapter 3) and exact analytical formula for mixed injection APDs (Chapter 4) are used

to guide the design of the dual junction CMOS APD.
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Chapter 2

Low-Voltage p-n Junction CMOS Avalanche Photodiodes for
Smart-Lighting Applications

2.1 Abstract

This chapter reports linear-mode p-n junction silicon avalanche photodiodes (APD)
fabricated using 1 um standard CMOS process. Measured mean gain of ~50 is obtained
at a sufficiently low operating voltage of 8.7 V. Measured dark current and breakdown
voltages are also reported supporting low-voltage operation. In addition, calculated
breakdown voltage, mean-gain and excess-noise factor are predicted using the non-local

dead space multiplication theory.

2.2 Introduction

There is a need in emerging smart-lighting concepts for an inexpensive and high-speed
spectral sensing capability to enable adaptive lighting (smart spaces) and visible light
communication. One approach to address this need is to design and manufacture novel
CMOS-compatible, cost-effective detector arrays and readout circuits (ROICs) that
incorporate waveguide technology on an avalanche photodiode (APD). This chapter
focuses on the APD design and fabrication component of the sensing capability required
by smart-lighting systems.

As an avalanche material, silicon has drawn attention to the detector community due do
its low excess-noise (almost single-carrier multiplication) properties [1]-[2]. It has also

been reported that the presence of the dead-space effect in Si materials causes further
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reduction in the excess noise factor. More importantly, for 400 nm - 700 nm range of
operation, ease of manufacture, mature fabrication technology in conjunction with the
aforementioned avalanche properties together make Si APDs the ideal choice for future
smart-lighting applications in the visible regime [3-5]. In particular, St CMOS APDs are
expected to provide high-speed and high-sensitivity sensors in terms of simplicity of
design, low power consumption and cost-effectiveness for smart-lighting applications. To
date, most of the CMOS-based APD devices have been dedicated to the Geiger mode,
which aims to count individual photons under ultralow light conditions. However, there
are few works reported on linear-mode APDs fabricated in standard CMOS process. One
of the challenges in recently reported linear-mode CMOS APDs is that they need to be
operated at voltages that are much higher than desired (e.g., 25, 35, 70 V versus 9 V or
less) [6-8]. Here, we have reported the calculated mean gain and excess noise factor,
using recursive dead-space multiplication theory (DSMT), as well as dark-current
measurements to predict avalanche breakdown voltage of CMOS APD devices that we
designed and fabricated [4-5]. In additon, we present experimental verification of the
calculated mean gain as well as measured dark current, photocurrent and spectral
response results supporting low-voltage operation. This type of APD can be integrated
with waveguide structures to provide enhanced sensitivity and high-speed detection

capability as well as uniformity across colors [9].

2.3 Device Structure
CMOS-compatible p-n junction Si APD was fabricated on a 1-0-0 oriented p type Si
wafer (dopant boron) using a diffusion process. The structure consists of a boron-doped

(3.5 x 10" cm™®) p+ Si layer, a phosphorus-doped (9.5 x 10*® cm™) n+ Si layer, and a 60



nm thick SiO, layer. The active dimensions of the devices are 100 pm x 100 pum, 150 pm
% 150 pm, 200 pm x 200 pum and 250 pm x 250 um, respectively. The junction depth of
the APD device is 0.6 um. The electron within the depletion region (0 < x < W) travels in
the negative x direction. The photogenerated electron initiated avalanche multiplication
process in the depletion region at x = W is taken into account for the accurate prediction

of breakdown characteristics in the recursive DSMT model [10, 11].

Cathode contact $§ Anode contact
0 Depleti i A >
=W epletion region ?‘ ;
p* Si/Boron doped

p type silicon substrate (bare Si wafer)

Figure 2.1: Schematic device structure of a CMOS compatible APD [4].

2.4 Calculation Method

The recursive DSMT analytical model was used to predict the dependence of the mean
gain on the reverse bias voltage, the excess-noise characteristics and the breakdown
voltage of the APD. The width of the multiplication region, W, was estimated by
calculating the width of the depletion region, as described in more detail below.

The electric-field dependent ionization coefficients for electrons, a, and for that of holes,

B, were calculated using the following equations [12]:

a(E) = Agexp [— (%)me] 5(a)
B(E) = Anexp|—(2)"™] 5(b)

where E is the electric field and the A, B, and m are material-dependent parameters listed



in [Table 2.1].

The dead space effect along with the non-uniform electric field and depletion layer width

Table 2.1: lonization parameters for Si [3]-[5]

Acm™] B [V/cm] M Ew [eV]
Electron 1.286 x 10° 1.40 x 10° 1.0 1.2
Hole 1.438 x 10° 2.02 x 10° 1.0 15

Table 2.2: Calculated parameters for n"p CMOS Si APD [4]

APD N, (cm™) N, (cm®) | Reverse bias | Depletion width| Electric field
voltage (V) (nm) (kV/cm)
1 9.5 x 10" 1.0x 10" | 0.2-14.9 122 — 455 188.5 - 703.1
2 9.5x 10" 1.5x 10" | 03-124 104 — 342 241.1-792.7
3 9.5x 10" 20x10" | 03-11.0 91-281 281.2 - 868.4
4 9.5x 10" 25x 107 | 0.2-10.0 79 - 243 305.2 - 938.7
5 9.5 x 10" 3.0x107 | 0.2-10.0 72-221 333.8 - 1024
6 9.5x 10" 35x 107 | 0.2-9.00 67 — 196 362.4 — 1060
7 9.5x 10" 40x10" | 02-8.63 63— 180 389.4 - 1112
8 9.5x 10" 45x10" | 0.3-8.40 62 — 168 431.1-1168
9 9.5x 10" 5.0x 10" | 0.3-8.00 59 — 157 455.8 — 1213
10 9.5x 10" 55x 107 | 0.2-7.70 54 — 147 459.9 — 1249
11 9.5 x 10" 6.0x 107 | 0.2-7.70 52 — 141 482.1 - 1307
12[’1§]+ | 75x10% 75%x10"® | 0.2-17.71 120 - 570 162.2 - 660.3
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were used in the DSMT recursive analytical model to predict the breakdown voltage,
mean gain and excess noise factors for the avalanche photodiode.

The non-local ionization coefficients and threshold energies for Si are reproduced for
convenience in Table | from [3]-[5]. The electric field and the depletion width considered
in the DSMT model are calculated (Table II) by solving Poisson’s equation and standard

formula mentioned above [10].

2.5 Numerical Results

The calculated position-dependent electric field, parameterized by the depletion region
width W (for each applied reverse bias), is shown in Fig. 2.2 (a). The decreasing electric
field profile with x indicates a carrier generated deeper in the depletion layer must travel
a longer distance before becoming capable of ionizing. Figure 2.1(b) shows the
ionization-coefficient profile. The higher electron ionization coefficient («) than that of
the hole (5) results in photoelectron initiated avalanche multiplication process in the
depletion region exhibiting low excess noise factors. The value of k (B/a), the key
performance parameter of APD, should be as low as possible to minimize the excess
noise factor. The field profile within the depletion region, in conjunction with the
ionization parameters, shown in Table I, were used in the DSMT analytical model to
predict breakdown voltage, mean gain, and the excess noise factor.

Figure 2.3 depicts variation of calculated mean gains with the applied reverse bias
voltages for different base doping concentrations N, and N, = 9.5 x 10" cm™. The
calculated breakdown voltages vary from 7 to 15 V for the base doping concentration
variations from 1 x 10'" to 6 x 10 cm™. Tunneling will dominate the breakdown

characteristics for the doping concentrations beyond 6 x 10'” cm™. This is due to the
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Figure 2.2: (a) Calculated electric-field profile as a function of x in the depletion region of width W =
192.2 nm for Si. Vg = 8.67 V, N, = 3.5 x 10%” cm™® and Ny = 9.5 x 10*® cm™. (b) Calculated electron and
hole ionization coefficients, a and g, for Si as a function of x in the depletion region of W = 192.2 nm [5].

large electric field by which carriers can tunnel through a sufficiently thin potential
barrier [14]. The predicted breakdown voltage using ionization coefficients (Table 1) in
the DSMT analytical model is in quite good agreement with the predicted and
experimentally verified breakdown characteristics using a simple Monte-Carlo (SMC)
model in silicon APD [13].
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The calculated excess noise factor as a function of mean gain with different base doping

concentrations is shown in Fig. 2.4. The Si non-local ionization coefficients and threshold
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energies (Table 2.2) are taken into account in the DSMT model exhibiting low excess
noise factors. This low excess noise factor is due to the presence of dead space effect in
the thin depletion regions (See Table I) and the initiation of avalanche process by the
photogenerated electron in the depletion region of Si APD. Figure 2.4 also shows that

excess noise factor does not change much with substrate doping concentrations.

2.6 Device Fabrication
The p-n junction Si APD was fabricated using 1 pm standard CMOS processing

technology at MTTC cleanroom at the University of New Mexico.

Reaion Al Reaion DI

Figure 2.5: 1-0-0 orientated P type Si wafer (dopant boron).

100 pm 150 pm 200 pm 250 pm

Figure 2.6: Active dimensions of CMOS APDs
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A 1-0-0 orientated p- type four inch boron doped Si wafer was used to initiate the
fabrication. The p+ (3.5 x 10 cm™ and n+ (9.5 x 10 cm™) layers were created
depositing phosphorus and boron, respectively on the Si wafer using diffusion process at
the MTTC facility. Diffusion is defined as the movement of impurity atoms in a
semiconductor material at high temperatures where the driving force of diffusion is the
concentration gradient. In the APD fabrication process, four masks were used for the n+
diffusion, contact, SiO, deposition and metal patterning. The active dimensions of the
APD devices were 100 pm x 100 pum, 150 pm x 150 pm, 200 pum x 200 pm and 250 pm
x 250 um, respectively. The schematic of CMOS APD wafer is shown in Fig. 2.5 with
four different regions. Each region has active devices with dimensions 100 um x 100 pm,
150 pm x 150 pm, 200 pm % 200 pm and 250 pumx 250 pum, respectively as shown in

Fig. 2.6.

2.7 Current-Voltage Characteristics and Quantum Efficiency

This section describes experimental results of the fabricated planar p-n junction CMOS
compatible APD including dark- and photo-current measurement, mean gain, capacitance
and spectral response measurements.

Measured dark-current and photo-current characteristics for the fabricated CMOS APDs
are shown in Fig. 2.8. Current-voltage characteristics were recorded with a 236 Keithley
SourceMeter®, a source measure unit instrument. Photo-current measurements were
performed using a 635 nm laser light source with optical power density of ~3.33
mW/cm? A PM100D (Thorlabs) optical power and energy meter was used to measure
the output optical power of laser. The 200 um x 200 um active area device exhibit

avalanche breakdown voltage at ~8.67 V. This confirms the prediction of avalanche
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Figure 2.8: Experimental dark- and photo-current characteristics of 200 um x 200 um CMOS APD.

Measurements were performed shining 635 nm laser output onto APD device with optical power density of
~3.33 mW/cm? [17].

breakdown with accuracy as evidenced by the simulations shown in Fig. 2.3 (N, = 3.5 x

10" cm™). A dark current of ~ 0.1 pA near avalanche breakdown is also shown in Fig.
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2.8. This dark current is high due to the nonuniformities in the electric field (i.e.,
undesirable high fields) in the planar p-n junction APD device. The dark current can be
minimized using a guard-ring, which will also serve to prevent premature breakdown at
the APD periphery [15], [16].Photocurrent increases with the increasing of reverse bias
voltage until it reaches the maximum value at avalanche for the 3.33 mW/cm? output
optical power shining onto the APD surface area. At high laser power output, APD goes
into saturation which is not desirable for APD operation. Saturation is a condition in
which there is no further increase in detector response as the input light is increased. On
the other hand, APD shows good response which is linear with low incident intensity up
to the avalanche breakdown region of the device at ~8.74 V.

The quantum efficiency of the APD can be calculated using the standard formula as given

by

_ Sx1240

QE = 222 x 100[%] (12)

where, S is the photosensitivity (A/W) and 1 is the wavelength of incident optical light.
The cut-off wavelength for Si (Eq = 1.12 eV) is 1100 nm at room temperature. The
unmultiplied photosensitivity and quantum efficiency (QE) were measured to be 2.928
mA/W and 0.57% respectively, at the applied unity-gain reverse bias voltage of 0.2 V
and at 635 nm given wavelength of light. The calculated quantum efficiency for 200 pm
x 200 um CMOS APD was found to be 0.5%. This depicts that the measured QE is quite

good agreement with the calculated QE.

2.8 Mean Main
The mean gain depends on applied reverse bias voltage as well as the incident optical

power onto the active area of the APD. The gain was calculated from the measured dark-
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and photo-currents using the standard formula [18],

Iph(V)_Idark(V)
Iph(VM=1)_1dark(VM=1)

(13)

where lp, and lgark are the photocurrent and dark current respectively, V is the actual
reverse bias voltage and V=1 is the unity gain reference voltage.

The unity-gain condition is normally identified as a plateau of photocurrent immediately
after punch through where the collection of primary photo-carriers is at maximum but
before the impact ionization process turned on in the APD device [19]. In our gain
calculation from dark and photo-currents, V=1 = 0.2 V was used and the results are
shown in Fig. 2.9. The APD achieves a gain of 50 at a reverse bias voltage of 8.67 V
showing excellent agreement with simulation result as calculated from the nonlocal

impact ionization model based on recursive DSMT.

10° ¢ : L : L

Measured
Calculated

Mean gain

10 0 2 4 6 8 10

Applied reverse bias voltage, Vo V)

Figure 2.9: Mean gain as a function of applied reverse bias voltage. Measurement was performed shining
635 nm laser output onto APD device with optical power density of ~3.33 mW/cm? [17].
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Figure 2.10: Measured spectral response of CMOS APD for the applied reverse bias voltage of -5.0 V
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Figure 2.11: Capacitance-voltage measurements for the 200 um x 200 um CMOS APD.
2.9 Spectral Response
The spectral response measurement of CMOS APD for the applied reverse bias voltage
of -5.0 V is shown in Fig. 2.10. Spectral measurements were performed using an
HORIBA MicroHR 140 mm spectrometer with a 250 W tungsten-halogen light source

(LSH-T250) and solid-state detector interface (1427C). The spectrometer has spectral
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resolution of 0.3 nm with standard combination of 600 grooves/mm and 500 nm blaze
grating. The peak is found to be at ~650 nm indicating that the APD can the applicable to
visible light communication. The Si APD can detect light sufficiently in the visible region

since it has large absorption coefficient in this region.

2.10 Capacitance

Measured capacitance as a function of applied reverse bias voltage is shown in Fig. 2.11
for the 200 um x 200 um planar p-n CMOS APD. The depletion region width increases
with increasing applied reverse which in turn reduces APD capacitance. The decreasing
value of capacitance near breakdown represents high speed operation of APD device. The
higher n+ doping concentration leads to thinner depletion width and higher capacitance.
The measured capacitance is found to be ~7.9 pF near around reverse bias breakdown of

8.67 V.

2.11 Integration of CMOS APD with Waveguide Structure

The p-n junction silicon APD was integrated with waveguide structure to create a silicon-

(@) ®)
Incident Light Photodetector
\ (laser spot)

Si02 = — —= —r =

& —> — S« o
SiN//
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Figure 2.12: (a) Plenoptic detector with angle-of-incidence and wavelength integration; (b) Demonstration
of waveguide coupling and propagation for a green laser source. Figure 2.12 is reproduced from [19].
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integrated-circuit-compatible visible, plenoptic (angle and wavelength) detector required
by smart-lighting applications [19]. The plenoptic detector reorted an angular resolution

of less than 1° and a wavelength resolution of less than 5 nm.

2.12 Conclusion

Modeling, design and fabrication of CMOS-compatible p-n junction thin Si APDs were
presented. The avalanche breakdown, mean gain and excess noise factor were calculated
with substrate doping concentration variations using the recursive DSMT analytical
model. The dark- and photo-current measurements, photosensitivity, quantum efficiency,
mean gain, spectral response, and capacitance measurement results were reported for the
200 pm x 200 um CMOS APD. The reported device benefits from design simplicity,
potential for high-volume manufacturability, low power consumption and cost. The linear
mode CMOS Si APD device is a promising device for high-speed sensing capability
required for smart-lighting potential applications, including adaptive lighting (smart

spaces) and visible-light communication systems.
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Chapter 3

Low-Noise Speed-Optimized Large Area CMOS Avalanche
Photodetector for Visible Light Communication

3.1 Abstract

Mean-gain and excess-noise measurements are presented for a 350 x 350 pm?® P+/N-
well/P-sub and a 270 x 270 pm? N-well/P-sub avalanche photodetectors fabricated using
0.13-um CMOS technology. The active area of the P+/N-well/P-sub device was divided
into multiple subsections to decrease transit time and increase speed. For the P+/N-well
structure, remarkably low excess-noise factors of 4.1 and 4 were measured at a mean gain
of 16 corresponding to a k value of ~0.1, using a 542 (633) nm laser. For a variant N-
well/P-sub structure, excess-noise factors of 6.5 and 6.2 were measured at a mean-gain of
16 corresponding to a k value of ~0.3. The proposed CMOS APDs with high gain, low
noise, low avalanche breakdown voltage (below ~12 V) and low dark-currents (~nA)

would be attractive for low-cost optical receivers in visible-light communication systems.

3.2 Introduction

Silicon photonics is a promising technology for the realization of low-cost, low-noise,
high-speed and high-sensitivity photodetectors in visible-light communication (VLC)
systems. The VLC system is gaining momentum as a solution to provide gigabit-class (up
to 3 Gbps) connectivity of electronic devices in home and office environments [1-3].
Silicon avalanche photodiodes (APDs), with their inherent internal amplification

mechanism and the resulting high-sensitivity, can offer an excellent photodetector choice
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for high path-loss VLC systems [3]. In addition, Si APDs with their low-noise
characteristics can provide improved signal-to-noise ratio (SNR) in the VLC receiver.
Specifically, Si is a very attractive material for APDs due to its low k value (< 0.1), which
results in a low excess-noise factor, F [4]-[18]. Additionally, careful device design and
fabrication process can further improve the noise properties of Si APDs by reducing the
thickness of the avalanche region [19]-[22].

More specifically, since VLC systems are an integral part of emerging smart-lighting
concepts, there is a need for cost-effective and compact optical devices that enable VLC
in such scenarios. The rapid advances in solid-state lighting and high-speed (~5 GHz for
30 meters of distance) plastic optical fiber (POF) technology have been paving the way
toward a low-cost and high-speed implementation of VLC optical transmitters [1]. Si
APDs implemented on standard complementary-metal-oxide—semiconductor (CMOS)
process can offer a low-cost, compact, and high-yield fabrication solution to VLC
receivers for smart-lighting systems [23-26]. Additionally, a large-area CMOS APD can
substantially ease the coupling of light from the wide-diameter step-index POF (typically
with a core diameter of 1 mm), which normally requires bulky concentrators and optical
alignment setups [2].

Although linear-mode speed-optimized CMOS APDs have been developed in the recent
years, one of the main challenges in them is that they require high operating voltages
(e.g., 35.25, 68.25, 83.5, 119.25 V) [2, 27]. While high-voltage (HV) CMOS process can
also be utilized to implement integrated receivers including HV-APDs, the technology
choice for high-speed receiver implementation is moving toward smaller gate length with

low-voltage (LV) CMOS nodes that offer optimized performance to analog/digital
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circuitry. A possible solution to retain the advantages of both technologies is to fabricate
the APD in high-voltage process while the receiver circuits in LV-CMOS nodes.
However, interfacing such high-voltage systems with low-voltage optical receiver
circuitry increases implementation complexity.

Therefore, it is beneficial to fabricate APDs in similar CMOS technology, as the receiver
itself, to reduce implementation complexity of the entire system. Modern sub-micron
CMOS processes employ increasingly higher doping concentration to achieve constant
field scaling and thinner oxide layers in smaller device features for better performance.
As a result, the highest voltage that can be applied without running into reliability issues
in such technology also scales down. Since the allowed voltage levels in such CMOS-
technology are low (e.g., ~11 V in 0.13-um CMOS), special biasing circuitry must be
utilized to operate such aforementioned high voltage APDs. In addition, low breakdown
voltage APD benefits from low power operation and simple electrical bias circuitry.
Therefore, it would be desirable to have a low-bias CMOS APD in a range compatible
with the voltages allowed by CMOS circuitry. In this regard, a low operating-voltage
(<11 V) P+/N-well APD was designed and fabricated using a 0.35-um CMOS process
[10]. However, the design yielded a high k value of 0.47, which resulted in a high excess-
noise factor (e.g., F = 5.2 at 480/560/650 nm, and F = 3.9 at 380 nm at M 16). The APD
also suffered from high dark currents (~1 pA at the breakdown voltage of 10.8 V).
Recently, we have reported a speed-optimized, large-area P+/N-well/P-sub APD
fabricated in 0.13-um CMOS technology for the VLC applications [3]. This device was
based on an earlier design, reported in [3], which helped overcome the speed limitation

associated with a large active area [26]. The total area (350 x 350 pum?) of the device
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reported in [3] was sub-sectioned into 20 x 20 um? identical P+ regions inside an N-well.
The outputs of the subsections were connected in parallel in order to achieve large
bandwidth (6 GHz). The detection speed was increased as a result of the reduced transit
time of diffusive carriers in the large-area CMOS APD. Measured dark-current, photo-
current, simulated frequency response as well as the calculated mean-gain and excess-
noise factor were reported for the P+/N-well/P-sub APD device [3].

In this work, we further investigate N-well/P-sub APD as well as the P+/N-well/P-sub
APD device structures of the type reported in [3]. Specifically, we report here the
measured dark-currents, capacitances, as well as the calculated and measured spectral
responsivity, avalanche breakdown voltage, mean-gain, and excess-noise factor for both
of the devices. The reported APDs exhibit low dark currents (in the range of nA) for a
linear-mode avalanche breakdown voltage below 11 V. The investigated P+/N-well APD
devices offer very low excess noise factors (4.1 and 4.0 using a 542 laser and a 633 nm
laser, respectively, both at a mean gain of 16) with a low k value of 0.1. The reported
excess-noise measurements are the lowest as compared to those for other reported CMOS

APD:s in the visible regime of the electromagnetic spectrum [7], [9]-[10], [12], [14]-[16].

3.3 Device Structure

The P+/N-well/P-sub and N-well/P-sub APD device structures considered here have been
fabricated using IBM 0.13-um standard CMOS technology. Figure 1(a) shows the die
micrograph of the photodiode and the zoomed-in layout view is shown in Fig. 3.1(b).
Figure 3.1(c) shows the large-area P+/N-well/P-sub APD. Note that this structure features
sub-sectioned regions of P+ diffusion interlaid in a meshed configuration [3]. The

advantage of such structure is the reduced diffusion distances of minority carriers that
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results in a smaller transit time and higher optical bandwidth [3], [26].

Due to the large number of substrate and cathode contacts interlaced in such meshed
structure, the substrate resistance for the photo-carriers also decreases. However, as
described in [3], the overall junction capacitance of the sub-divided structure remains
almost the same as its conventional counterpart due to the equivalency of total active
area. The P+/N-well/P-sub structure consists of a p-substrate (5 x 10" cm™) layer, a 1.5-
um thick N-well (5 x 10*" cm™) layer, a 0.3-pm thick P+ (5 x 10'° cm™) layer and a 0.3-
um thick N+ (5 x 10" cm™) layer. It is also assumed that the impurity concentrations
follow a Gaussian profile at the edges of the specified regions, both in horizontal and
vertical directions. The total area of the device is 350 x 350 um?, which is sub-sectioned
into 20 x 20 um? identical P+ regions inside an N-well. The active area is divided into a
meshed array of P+ islands and the cathode electrode is inserted in-between for uniform
distribution of bias voltage. A different type of N- well/P-sub APD structure is shown in
Fig. 3.1(d), which is comprised of N-well stripes inside P-substrate in an area of ~270 x
270 um?. The purpose of the striped structure is to pass metal density rules in this sub-
micron technology and to reduce contact resistance of both the N-well and P-sub
contacts. However, the opaque metal contacts resulting from the plurality of the N-well
stripes cause partial shading of light. The structure consists of a p-substrate (5 x 10*° cm’
%) layer, a 1.5-um thick N-well (5 x 10'” cm™®) layer, a 0.3-um thick P+ (5 x 10* cm?)
layer and a 0.3-pm thick N+ (5 x 10* cm™) layer. An N-well width of ~15 um is chosen
as a compromise between terminal resistance, parasitic capacitance and fill-factor. The
shallow-trench-isolation (STI) is used around the P+ and N+ regions for both of the APD

devices to prevent premature edge breakdown.
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Figure 3.1: Investigated silicon APDs fabricated in 0.13-um CMOS technology: (a) die micrograph, (b)
layout view showing 20 x 20 pm? sub-sections, (c) P+/N-well/P-sub structure (350 x 350 pm?) with
reduced transit time and (d) N-well/P-sub structure (270 x 270 pm?). (a)-(c) are reproduced from [3], [38].
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3.4 Modeling and Simulation Results

The dead-space multiplication theory (DSMT) [4, 5] was used to calculate the avalanche
breakdown voltage, mean-gain and excess-noise factor for the APD devices. In the
DSMT analytical model, the depletion region of the APD is assumed to be extended
from x = 0 to x = W, where W is the depletion-region width. It is further assumed that the
avalanche multiplication process is initiated by the photogenerated electron at the high

field, P+/N-well junction (x = 0) for the P+/N-well/P-sub device structure (Fig. 3.2(a)).
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Figure 3.2: P+/N-well/P-sub APD structure showing direction of electron injection (a) and N-well/P-sub
structure showing the direction of electron injection (b) [38].

Electrons travel in the positive x-direction within the depletion region. For the N-well/P-
sub device structure, avalanche multiplication is initiated by the photogenerated electron
at the low field, N-well/P-sub junction (x = W). Electrons travel in the negative x-
direction within the depletion region.

In addition to the electron-initiated avalanche multiplication process, hole injection and
mixed-carrier injection were taken into account in the recursive DSMT model while
taking into account the absorption profile of each device. Consider an electron and a hole
are located at position x within the multiplication region. Assume that Z(x) is the random
sum of electrons and holes produced by the electron including the initiating electron
itself. Similarly, Y(x) is the random number of all electrons and holes produced by the
hole and its offsprings, including the hole itself. Note that Z(W) = 1 and Y(0) = 1.
Consider, z(x) = <Z(x)> and y(x) = <Y(x)> are the means of Z(x) and Y(x), respectively.
Similarly, zo(x) = <Z3(x)> and y»(x) = <Y?(x)> are the second moments of Z(x) and Y(x),
respectively. Here, bracket denotes ensemble average. The electron and hole probability
densities (he and hy), the first moments (z(x) and y(x)) and the second moments (z,(x) and
y2(x)) are calculated using the equations expressed in [5]. The gains for an electron-
initiated avalanche G’, a hole-initiated avalanche G, and a mixed-carrier initiated
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avalanche G are calculated from the quantities z(x) and y(x) as follows. In particular, the

mean of G', G" and G"" are

<G'>=2(1+2(0), 1)
<G >=Z(1+yWw) @)

and
<G">=C fOW%[z(x) + y(x)] e "™ dx. (3)

And the total mixed-injection mean-gain is calculated using

<G>=p, <G >+p, <G">+<G" >, 4)
where pe and py are the probability of photon absorption above and below the depletion
region, respectively, r is the absorption coefficient in Si, and C is a constant chosen so
that Cfowe‘” dx = pm IS the probability that an incident photon is absorbed in the
depletion region.
Next, the second moment of the gain in the cases of an electron-initiated, a hole-initiated

and a mixed-carrier initiated avalanches are given by

< G” >=0.25(1+2z(0) + 2,(0)), (5)
<G >=025(142yw) +y,(w)), (6)

and
<G >=C [ 2200 + 2 2(0)y(x) + y, ()] e dx. )

The second moment of the mixed-injection gain is therefore
<G2>=p, <G’ >+p, <G >+<G" >. (8)

Finally, the mixed-injection excess-noise factor F is
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_ <G*>
<G>2'

(9)
The electric field and depletion width were calculated using Technology Computer Aided
Design (TCAD) Sentaurus™ software tool. Note that Sentaurus Device takes into
account physics models like Poisson’s equation and carrier continuity in calculating
electric fields. The electric-field profiles in the multiplication region were extracted from

TCAD simulation as shown in Fig. 3.3(a). The electric-field dependent ionization

coefficients for electrons («) and holes (f) are calculated using Chynoweth’s formula [29]

a(E) = Agexp [— (%)me] (10a)

and

BE) = Apexp [~ (2)™] (10b)
where E is the electric field and the A, B, and m are material- dependent parameters
(listed in Table 3.1) chosen from experimental [28] and fitted [8] data.

The electric field within the depletion region, electron and hole dead spaces, de and d, in
conjunction with the ionization coefficients, o and g, as shown in Figs. 3.3(a), (b), and
(c), were used in the DSMT analytical model to predict the avalanche breakdown voltage,
mean-gain, and the excess-noise factor. The enabled ionization parameters o (8") are
calculated from the experimentally determined values a () by equating the mean ionizing

lengths from the DSMT and local model by using the formula [30]

Q= — (11)

1 ’
§+2de

where d. (dy) is the dead space for electron (hole). In addition, McIntyre’s classical noise

model formula [31], as shown below
1
F(M) = kM + (2= 2) (1 - k), (12)
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Figure 3.3: Calculated electric-field profile as a function of x in the depletion region (a), calculated dead
spaces for electron (de) and hole (dy) (b), and calculated electron and hole ionization coefficients, a and S

(c) [38].
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Table 3.1: lonization parameters for Si [28]

En [eV]
[8]

Electron | 1.286 x 10° 1.40 x10° | 1.0 1.1
Hole 1.438 x 10° 2.02x10% | 1.0 1.8

Alcm™] B[Vicm] | M

is used to evaluate the equivalent hole-to-electron ionization ratio, k. A small value of k
represents a low excess-noise factor for an electron-initiated multiplication process.

The absorbed photon density as a function of device depth is shown in Fig. 3.4 for the
front-side illuminated P+/N-well and N-well/P-sub APDs. Simulations were performed
using TCAD software tool with 460 nm, 542 nm, and 633 nm excitations having a
constant illumination of 1.46 mW/cm? The absorbed photon density is at its maximum
value at the top of the APD and it decreases with the device depth. For the P+/N-well/P-
sub APD, approximately 65%, 26% and 11% of the incident light are absorbed in the P+
region for 460 nm, 542 nm, 633 nm excitations, respectively. However, higher
percentage of light absorption in P+ layer yields low values of excess noise factor (Fig.
3.10) for the dominant electron initiated multiplication process in the avalanche region.
Note that approximately 21%, 17% and 8% of the light are absorbed in the multiplication
region for 460 nm, 542 nm, and 633 nm wavelengths, respectively, giving rise to mixed-
injection multiplication process. In addition, reduced excess-noise factor is observed in
going from 460 nm to 633 nm excitations. This is due to the reduced amount of mixed-
injections in the multiplication region for long wavelengths.

For a variant N-well/P-sub structure, approximately 0.5%, 22% and 57% of the light are
absorbed in the P-sub region. This results in relatively higher excess noise factors due to

the injection of holes in the multiplication region. Additionally, increased excess-noise
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Figure 3.4: Simulated absorbed photon density as a function of device depth for the P+/N-well/P-sub and
the N-well/P-sub APD devices. Simulations were performed using Sentaurus TCAD software tool [38].

factor is observed in going from 633 nm to 460 nm excitations (Fig. 3.10). This is due to
the increased amount of hole injections in the multiplication region for short
wavelengths. Note that approximately 0.3%, 5% and 6% of light are absorbed in the
multiplication region for 460 nm, 542 nm, and 633 nm wavelengths, respectively, giving
rise to mixed-injection multiplication process.

The wavelength dependent mean-gain and excess-noise factors (Figs. 3.9 and 3.10) are
calculated using non-local DSMT analytical model taking into account 460 nm, 542 nm,
and 633 nm excitations. Note that equations (4) and (8) represent first and second
moments of the mixed-injection mean avalanche gain used in the DSMT model. These

equations, in turn, require knowledge of the probability of photon absorption at each
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Figure 3.5: Measured dark current versus applied reverse bias voltage for the P+/N-well (P+/N-well/P-sub)
and the N-well/P-sub APD devices [38].

location along the device depth. For example, see the exponential terms in equations (3)
and (7), which are used in equations (4) and (8). Now the probability of photon
absorption at each location is calculated from Fig. 4, as calculated by the Sentaurus

TCAD software tool.

3.5 Measurement Results

Measured dark-current characteristics for the fabricated CMOS APDs are shown in Fig.
3.5. The current voltage characteristics were recorded with a Keithley 237 source- meter.
In the linear avalanche regime, the P+/N-well (P+/N-well/p-sub) and the N-well/P-sub
APD devices exhibit low dark currents of ~93 nA and ~0.86 nA at the breakdown
voltages of ~11 V and ~10.5 V, respectively. However, the N-well/P-sub APD (270 x

270 pm?) exhibits low dark currents as compared to the P+/N-well (350 x 350 pm?)
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APD. The large difference in dark currents may be due to the difference in peak electric
field in each of the APD device structures. This may not be related to the area of the
device where the dark current increases linearly with the device active area [34]. We
believe that the high field required for the avalanche multiplication process gives rise to
strong band-to-band-tunneling, resulting in a high dark current (~nA) for both of the
APDs. The comparably low breakdown voltage of the N-well/P-sub APD is due to the
proximity of P+ substrate contacts in between the plurality of N-well fingers. The
shallow-trench-isolation guard-ring (STI GR) around the P+ and N+ regions prevents
premature edge breakdown at the APD periphery. The dark currents are comparable to
the reported values in [9, 16] and are low as compared to the high dark currents of 1 pA
at 10.8 V as in [10], and 3 pA at 8.41 V as in [14]. The reported CMOS APDs in [16]
exhibit low dark currents in the range of ~pA before avalanche breakdown occurs. The
amplified dark current (due to the tunneling effect at the edges of p+ regions in n-well
and n+ regions in p-well) was significantly reduced by using lightly doped p-sub or STI
around the p+ and n+ regions.

Measured spectral-responsivity characteristics for the P+/N- well and N-well/P-sub APD
devices are shown in Figs. 3.6a and 3.6b, respectively. Spectral measurements were
performed using a single grating monochromator with a 100 W tungsten light source. A
supervisory-control-and-data-acquisition (SCADA) system was also used in a desktop
computer for automatic measurement. In order to modulate the optical signal, the
monochromatic light from the exit slit of the monochromator was chopped at a frequency
of 180 Hz. The optical beam was subsequently focused on the optical window of the

device-under-test (DUT) by using a microscope objective. A Keithley 236 SMU was
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used for bias voltage requirements across the device and the resultant photocurrent was
measured using a SR830 lock-in amplifier (LIA).

Measured responsivity curves in Figs. 3.6(a) and 3.6(b) show peaks due to the optical
interference in the dielectric stack atop the silicon surface. Note that IBM 0.13-um
CMOS technology considered here to fabricate P+/N-well/P-sub and N-well/P-sub APDs
consists of 8 metal layers and 8 dielectric layers. There is also a final passivation layer on
top of the last metal layer, which adds up to the total stack. As a result, there are multiple
reflections and refractions as well as attenuation through the stack of materials. This, in
turn, exhibits very irregular transmission characteristics [32]-[33] and spectral response
[14] as a function of the wavelength. In addition, there is a £20% process variation in
thickness of dielectric layers. This process variation causes deviation in transmission
coefficient through the dielectric stack [32]-[33], which has significant impact on the
APD responsivity.

For the P+/N-well APD, the unity-gain responsivities are 0.014 A/W, 0.022 A/W and
0.024 A/W for 460 nm, 542 nm, and 633 nm excitations, respectively. For a variant N-
well/P-sub APD, unity-gain responsivities are 0.007 A/W, 0.011 A/W, and 0.014 A/W.
Both of the APDs exhibit very low values of responsivity which result from the
aforementioned optical interferences in the dielectric stack and un-optimized CMOS
process for APD devices. However, responsivity can be improved by using optimized
CMOS process which can replace dielectric stack with an antireflection coating [14]. The
spectral responsivity can also be improved with increased reverse bias voltage which
results widening of the depletion region. In addition, avalanche multiplication occurs for

higher bias voltage which in turn increases responsivity.
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Figure 3.6: Measured spectral responsivity as a function of wavelength for the P+/N-well (a) and the N-
well/P-sub (b) APD devices [38].

The zero-bias spectral responsivities were calculated using transmission matrix method
(TMM) optical solvers in conjunction with the complex-refractive-index model
embedded in Sentaurus TCAD. The calculated responsivity curves are slightly off from

the measured responsivity for both of the APDs. This may be due to the presence of
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Figure 3.7: Measured capacitance versus applied reverse bias voltage for the P+/N-well (P+/N-well/P-sub)
and the N-well/P-sub APD devices [38].

dielectric stack atop the Si surface.

Figure 3.7 shows the measured capacitance as a function of applied reverse bias voltage
for the APD devices. The C-V measurements were carried out using an HP 4275A LCR
meter, and the testing frequency was 1 MHz with an AC amplitude of 0.05 V. The
measured capacitances for the P+/N-well (P+/N-well/P-sub) and the N-well/P-sub APD
devices are below 25 pF under operating bias voltages. The transimpedance-amplifier
(TIA) based measurement system, as reported in [35], can measure the excess-noise
factor reliably on a wide variety of materials and APD devices, with a capacitance value
up to ~50 pF. Therefore, the mean-gain and excess-noise measurements have been
performed for both of the P+/N-well (P+/N-well/P-sub) and N-well/P-sub APDs.

The mean-gain and excess-noise measurement system is shown in a block diagram in Fig.
3.8. A Thorlabs 460 nm LED (LED470L), a Uniphase 542 nm He-Ne laser, and a
Lambda Photometrics 633 nm He-Ne laser were used to illuminate the device with a

mechanical chopper having chopping frequency at around 180 Hz. In addition, a TIA
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Figure 3.8: Block diagram of the mean-gain and excess-noise measurement system. The TIA consists of an
op-amp with a feedback resistor R; and capacitor C;. This block diagram is reproduced from [35], [38].

(an AD9631 high speed operational amplifier with feedback capacitance and resistance)
was used to convert photodiode current into a proportional voltage. This output voltage
consists of a noisy, square waveform at the chopper frequency. The peak-to-peak value of
a noise-free version of this waveform (difference between the photocurrent and dark
current) is proportional to the mean photocurrent. The output voltage representing the
photocurrent was buffered through a unity gain voltage follower to smooth the signal and
was fed to a Stanford Research SR830 LIA. The LIA output voltage was converted to a
value of stimulated photocurrent by using the known TIA gain of 1100 V/A. The mean-

gain was calculated using the definition for multiplication given by

M =2 (13)
where iy and ipr are the measured output photocurrent and the unmultiplied primary
photocurrent, respectively.
The output of the TIA, photocurrent and its multiplied noise, was amplified by a low-

noise amplifier (Mini-Circuits ZFL-500LN+). In order to extract noise information from

the TIA output, the photocurrent signal must be removed. This can be done by passing
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the signal through a bandpass filter (Mini-Circuits SBP-10.7+). The photocurrent signal
associated with the 180 Hz fundamental and its harmonics were attenuated by passing
only the noise pass-band frequency, ranging from 9.5 to 11.5 MHz with a center
frequency of 10.7 MHz. The output of the bandpass filter contains only the information
of the noise signal (associated with the avalanche gain process which multiplies the
photocurrent), which resembles an amplitude modulated noise waveform. The noise
signal was then amplified by a low-noise cascaded amplifier (an HP355D attenuator with
three Mini-circuits amplifiers: 500LN, 1000LN and AD9618) giving a total gain of
around 78 dB. The attenuator was used in the cascade to cope with the wide range of
noise amplitudes and to avoid the risk of saturating the output stages for large noise
signals. The output noise voltage of the cascaded amplifier was fed into a power meter (a
squaring-and-averaging circuit) to obtain the noise-power output. The noise-power was
then measured using a second SR830 lock-in amplifier. The excess-noise factor is

obtained using the expression [35], [36]

__ Npur Berr(Csi)
F(M) = amr Besr(Cpur)’ (14)

where Npyrt is the measured noise power of the device under test, a is a correction factor,
| is the multiplied photocurrent, Bes (Csi) is the effective noise bandwidth at the
calibrating Si photodiode’s capacitance (Csi) and Be (Cpur) is the effective noise
bandwidth at the device under test’s capacitance. The excess-noise measurement system
was calibrated against a commercial Si photodiode at unity gain. The effect of the shot
noise measurement in the investigated P+/N-well/P-sub and N-well/P-sub CMOS APDs
was assumed to be contributed from the multiplied excess-noise. In addition, calibration

tests were performed with devices with known excess noise to ensure the absolute F
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measured in CMOS APDs under test are within the acceptable range.

The mean-gain and excess-noise factor depend on the applied reverse bias voltage as well
as the incident wavelength onto the active area of the APD. The electron-hole pair
generation (from photon absorption) depends on the penetration depth: long wavelength
light penetrates silicon deeper than the light with short wavelength. For low-noise
operation, it is expected to have electron initiated avalanche multiplication process since
electrons have higher ionization coefficients than holes.

The measured mean-gain, as a function of the applied reverse bias voltage, is shown in
Fig. 3.9. In the linear avalanche regime, the P+/N-well APD exhibits a mean-gain of ~16,
at a reverse bias voltage of 10.53 V, resulting from the use of a 460 nm LED, and 542 nm
and 633 nm lasers, respectively. For the N-well/P-sub device structure, the linear-mode
mean-gain of ~16 was measured at a reverse bias voltage of 10.4 V using 460 nm LED,
and 542 and 633 nm lasers, respectively. The wavelength dependent mean-gains were
calculated using non-local DSMT analytical model with 460 nm, 542 nm and 633 nm
excitations. The measured breakdown voltages and mean- gain show excellent agreement
with the calculated results using the DSMT, as evidenced by Figs. 3.5 and 3.9.

The measured excess-noise factor, as a function of the mean gain, is shown in Fig. 2.10
for 542 nm and 633 nm excitations, respectively. At a mean-gain near and below 2,
however, the photocurrent was quite low (~1 pA). In addition to the inherently low
excess-noise in the P+/N-well devices, the noise-power was too weak to be measured
accurately, being below the noise of our measurement setup. This results in error when
calculating the excess noise near unity. Our measurement error is around = 5% in the

excess-noise factor, F, values of unity. Nevertheless, the measurement error decreases
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Figure 3.9: Measured mean-gain versus reverse bias voltage for the P+/N-well (P+/N-well/P-sub) and the
N-well/P-sub APD devices, respectively, using a 460 nm LED, and 542 nm and 633 nm lasers. Wavelength
dependent mean-gains are calculated using non-local DSMT analytical model [38].
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with higher multiplication values (M > 2). Note that we could not measure excess-noise
factor at the 460 nm excitation due to the low amount of photocurrents.

The P+/N-well APD exhibits very low excess-noise factors of 4.1 and 4 at a mean gain of
16 using 542 nm and 633 nm lasers, respectively, as compared to the measured excess-
noise factors in the visible regime of wavelength, as summarized in Table 2.2. The low
excess noise factor is due to the presence of dead space in the thin depletion region and
the initiation of avalanche multiplication process by the dominant photogenerated
electron in the depletion region [4, 5]. The measured excess-noise factor falls close to the
k = 0.1 curve, as calculated from McIntyre’s noise model.

For the N-well/P-sub device structure, excess-noise factors of 6.5 and 6.2 were measured
at a mean-gain of 16 using 542 and 633 nm lasers, respectively. The high excess noise
appears as a result of the injection of holes in the multiplication region. The measured
excess-noise factor falls close to the calculated DSMT curve as well as the McIntyre’s
noise curve at k = 0.3. The measured excess-noise with 542 nm was slightly higher than
that with 633 nm for both of the P+/N-well and N-well/P- sub APD devices. The
wavelength dependent excess-noise factors are also calculated using DSMT model with
460 nm, 542 nm and 633 nm excitations. The calculated excess-noise factors using
recursive DSMT analytical model were slightly higher than measured values for both of
the APDs. This could be due to the presence of non-uniform electric fields in the

multiplication region.

3.6 Conclusion

Modeling and measurements for the speed-optimized, large- area CMOS compatible

P+/N-well/P-sub and N-well/P-sub APDs were presented. Remarkably low excess-noise
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TABLE 3.2

PERFORMANCE COMPARISON WITH DIFFERENT SILICON APDS

Breakdown Dark current Wavelength | Excess noise | lonization
References voltage, Vy, lg (nm) factor, ratio,
Technology node V) F (M = 16) k= Ba

A. R. Pauchard | custom 15 n.d. 600 6.2 0.47
etal., 2000 [7]

380 3
A. Rochas et 0.8-um CMOS 195 0.2nA 400 5.8 n.d.
al., 2002 [9]
L. Pancheri et 0.35-um CMOS 10.8 1A 380 3.9 0.47
al., 2008 [10]

480/560/650 5.2
G.-F. D. Betta | 0.35-um CMOS n.d. n.d. 560 5.1 0.2
etal., 2011
[12] 0.7-um HVT 20.8 n.d. 650 70

CMOS

M. Atefetal.,, | 40-nm CMOS 8.41 3pA 520 12(M=27) | nd.
2013 [14]
L. Pancheri et 0.15-pm CMOS 23.1 n.d. 415 35 n.d.
al., 2014 [15]

850 5
M.-J. Lee et 0.25-um CMOS 12.4 0.1nA 850 13 0.47
al., 2014 [16]
This work 0.13-pm CMOS 11 93 nA 542 4.1 0.1

633 4

factor values were reported for the P+/N-well APD in the visible wavelength regime. The

reported devices benefit from high-speed operation, low-voltage biasing and low cost.

The large-area CMOS Si APDs with subsections are potential devices for the realization

of low-noise, multi-gigabit visible-light communication systems.
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Chapter 4

Exact Analytical Formula for the Excess Noise Factor for
Mixed Carrier Injection Avalanche Photodiodes

4.1 Abstract

The well-known analytical formula for the excess noise factor associated with avalanche
photodiodes (APDs), developed by R. J. Mcintyre in 1966, assumes the injection of
either an electron or a hole at the edge of the APD’s avalanche region. This formula,
however, is not applicable in cases when photons are absorbed inside the avalanche
region, and its use may severely underestimate or overestimate the actual excess noise
factor depending on the absorption profile and the hole-to-electron ionization coefficient
ratio, k. Here, an easy-to-use exact analytical formula is derived for the excess noise
factor of APDs while taking into account a mixed-carrier initiated avalanche
multiplication process, which is triggered by a parent electron-hole pair at an arbitrarily
specified location within the multiplication region. The derivation relies on analytically
solving a special case of a previously reported recursive integral equations [Hayat et al.,
IEEE Trans. Electron Devices, vol. 39, no. 3, pp. 546-552, 1992]. In addition, an
expression for the excess noise factor is presented in the case when the location of the
parent electron-hole pair within the multiplication region obeys an arbitrary exponential
distribution. The results show that in contrast to the case of edge parent-electron
injection, when mixed injection is allowed even a small level of hole ionization (e.g.,
small k~0.0001) causes the excess noise factor to increase dramatic, depending on the
absorption profile as it ranges from narrow to flat within the multiplication region. The

theoretical results are validated against experimental results for Si APDs.
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4.2. Introduction

Avalanche photodiodes (APDs), with their high internal gain, are widely used in optical
communication systems due to the improvement they offer to the receiver’s signal-to-
noise ratio (SNR). The receiver performance is strongly dependent on the APDs mean
gain (M) and the excess noise factor (F), which represents the random fluctuations in the
gain. Thus, availability of analytical expressions for M and F is important for calculating
the SNR as well as the bit-error probability in optical receivers [1]. The quantities M and
F are commonly related to the hole-to-electron ionization coefficient ratio, k, as
expressed in Mcintyre’s original theory [2] dating back to 1966. The F value is at a
minimum for materials with a small value of k and electron edge injection (or very large k
for hole edge injection), namely when a parent electron (hole) is injected into the
appropriate edge of the multiplication region, resulting in a chain of impact ionizations.
In reality, however, mixed-carrier injection can occur in the multiplication region (MR),
whereas photons are absorbed inside the MR [2]. Such scenario results in a parent
electron-hole pair inside the MR initiating the avalanche multiplication process, where
each parent carrier independently and individually creates its own chain of impact
ionizations.

It turns out that mixed injection plays an important role in the behavior of F as a function
of M, as originally pointed out by Webb et al. in [3]. For example, we will show in this
paper even when k is very low (~0.0001), F begins to increase dramatically beyond a
certain threshold value of M if mixed injection is allowed. Moreover, the mean gain
threshold at which F becomes large is determined as a function of the location of mixed

injection and k. The main contribution of this paper is to develop an exact analytical
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formula for F in the case of mixed-injection avalanche multiplication process.
Consequently, depending on the photon absorption profile within the MR,
photogenerated carriers within the MR contribute collectively to the mixed-injection
multiplication in a distributed fashion. Thus, for a given APD structure, M and F may
actually depend indirectly on the wavelength of light. Note that the small values of k of
0.01 or lower are important from a practical standpoint as there are several bulk materials
that exhibit this type of mixed-injection behavior including Si [4]-[5], InAs [6], and
AlAsSb [7]. In addition, high values of k (>0.1) are also important for submicron
multiplication regions (e.g., Si pn-junction APDs), where the very high electric fields
(>255 kV/cm) cause an increase in the k value [8], [9].

Although Mcintyre developed a closed-form formula for the mean gain in the case of
mixed injection, he did not offer a formulation of the excess noise factor in such a case
[2]. In 1992, Hayat et al. formulated an analytical model [10] for avalanche
multiplication that allowed the determination of the excess noise factor in the case of
mixed injection. The power of the formulation in [10] was that it captured the effect of
dead space, which is the minimum distance a carrier must travel after an impact
ionization before it may effect another ionization. However, only numerical solutions
were produced and a simple formula remained elusive [10]. In 2017, Hossain et al. used
the numerical approach to further calculate the excess noise factor for Si APDs in the
case of distributed mixed injection [9], where the photon absorption profile within the
MR was taken into account. Experiments have also shown the wavelength dependence of
the excess-noise factor; moreover, good agreement between numerical solutions of the

analytical model and experiments on the role of mixed injection has been shown [5], [8]-
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[12]. The experiments and the numerically calculated F under mixed injection were also
compared with that calculated using the Mclntyre’s formula [2], which assumes edge
injection. For example, the comparison showed that McIntyre’s F significantly
overestimated the measured F for CMOS APDs [8].

To the best of our knowledge, there is no analytical formula for the excess noise factor in
the case of mixed injection. The most relevant work relevant to a closed-form formula for
the excess noise factor in the case of mixed injection is the work of Hayat et al. [13]. The
article shows exact analytical expressions for M and F under edge injection by finding an
exact analytical solution to the recursive integral equations [10] that characterize the first
and second moments of the populations of electrons and holes under mixed injection.
This approach is termed the characteristic method (CM). Although the expression for M
is simple, the expression for F involves the inversion of a 9 by 9 matrix. The article in
[13] also did not provide explicit formulas for F under mixed injection.

In this work, we revisit the CM approach to derive an exact analytical formula of the
excess noise factor for mixed carrier injection with zero dead space. The analytically
calculated F is compared with that calculated numerically using dead-space
multiplication theory (DSMT) [10], and good agreement is shown. In addition,
expressions for the analytical mean gain and excess noise factor are presented while
taking into account different absorption profiles using an exponential decay function.
Moreover, previously reported F for the P+/N-well CMOS APD [9] are compared with

that analytically calculated under mixed injection case and good agreement is shown.

4.3 Analytical Model

Consider the multiplication region of an APD extended from x = 0 to x = W, where W is
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the avalanche multiplication-region width. It is further assumed that the avalanche
multiplication process is initiated by a photogenerated electron-hole pair within the MR.
Now consider a parent electron and a parent hole that are located at position x within the
multiplication region. Electrons are assumed to travel in the positive x-direction at their
saturation velocity under the influence of electric field and they are capable of impact
ionizing with an ionization coefficient, a. Similarly, holes travel in the negative x-
direction and are capable of impact ionizing with an ionization coefficient, g. This
avalanche process produces a net stochastic gain, G(x), when all the carriers have exited
the MR; this quantity is the total number of electron-hole pairs generated as a result of a
single parent electron-hole pair, located at x, initiating the multiplication process. Next,
we analyze the statistics of G(X).

Following Hayat et al. [10], assume that Z(x) is the random sum of electrons and holes
produced by an electron, including the initiating parent electron. Similarly, let Y(x) be the
random number of all electrons and holes produced by the hole and its offsprings,

including the initiating parent hole. Note that Z(W) = 1 and Y(0) = 1. Moreover, G(x) =
%[Z(x) + Y (x)]. Now consider z(x) = <Z(x)> and y(x) = <Y(x)>, which are the means of

Z(x) and Y(x), respectively; similarly, zo(x) = <Z%(x)> and y,(x) = <Y?(x)> are the second
moments of Z(x) and Y(x), respectively. Here, the bracket denotes ensemble average. The

mean of G(x) is obtained from the quantities of z(x) and y(x):
M(x) = < G(x) > = [2(x) + y(x)]. (1)
On the other hand, the second moment of the gain in the case of a mixed-carrier initiated

avalanche is given by
< G2(x) > =1 [2(x) + 2 z(N)y(x) + y,(X)]. ¥
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Finally, in this paper, we define the mixed-injection excess-noise factor, F(x), as follows:

<G?(x)>

F(x) = <G(x)>2 "' (3)

The above equations require knowledge of the ionization coefficients for electrons («)
and holes (), respectively. The electric-field dependent ionization coefficients are often

modeled using Chynoweth’s formula [14]:

a(E) = Aexp|~(2)"] (4a)

and

BE) = Apexp |- (2)™] (4b)
where E is the electric field and the A, B, and m are material-dependent parameters, and
they are chosen from experimental and fitted data [9]. The electric field within the MR in
conjunction with the ionization coefficients, o and f, are used in (3) to predict the

injection-position dependent excess-noise factor under mixed injection case.

A. Formula for Mixed-Injection Mean Gain

In order to obtain an exact analytical formula for M(x), we solve the recursive integral
equations from the DSMT model [10] with zero dead space to obtain the first moments of
electrons and holes, z(x) and y(x), respectively, under mixed injection. The recursive
integral equations for the means of Z(x) and Y(x) are equations (14) and (15) in [10]:

For0<x<w

2() = [1— (1 — e™ W= uW — x)] + [ [22(8) + y(©)]ae EDu(§ - x)dé, (5a)
and

y(x) = [1- (1 — e Pyu)] + [;12y(6) + 2(D)]Be PEDu(x — §)dE (5b)

where u(x) = 1 for x > 0, and 0 otherwise.
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Upon differentiation with respect to x and simple back substitution, the differential forms
of the above integral equations are
z'(x) + alz(x) + y(x)] =0, (6a)
and
y'(x) = Blz(x) + y(x)] = 0 (6b)
with the boundary conditions, z(w) = 1 and y(0) = 1. The approach we undertake to
solve for z(x) and y(x) exactly is based on proposing exponential-form solutions, as done
in [10]. The desired exponents are then found by substituting these assumed exponential
forms in (6a) and (6b), and obtaining an algebraic characteristics equation characterizing
the exponents that result in self consistency in (6a) and (6b). More precisely, the general
structure of the solution is a superposition of terms of the form
z(x) = cie™, (7a)
and
y(x) = ce™ (7b)
where c; and c, are the unknown coefficients and r is a solution to the characteristic
equation.
After we substitute these general solutions from 7(a) and 7(b) into 6(a) and 6(b),
respectively, we obtain the matrix equation
[ W)l =Tl (8)
For a nontrivial (i.e., nonzero) solution to c; and c, in (8), we require that matrix above to
be singular (its determinant must be zero), which results in the characteristic equation

characterizing r:

r+a)(r—pB)+apB =0. 9)

57



We begin by considering the case when electron and hole ionizations are unequal, in
which case (9) has two roots: r; =0and r; =r = - a # 0. The general solution in
this case becomes

z(x) = ¢, + cie™ (10a)
and

y(x) = ¢y + cze™. (10b)
Upon substituting the general solutions from (10a) and (10b) into (6a) and applying the
boundary conditions z(w) = y(0) = 1, we obtain a system of four linear equations with
four unknown coefficients c,, c¢;, ¢, and c; with r. After some algebra, the unknown
coefficients are determined and the first moments of z(x) and y(x) are obtained as

follows (details of solutions are provided in the Appendix):

(r+a+ae™)—2ae™
(r+a—-ae™)

z(x) = (11a)

and

—(r+a+ae™)+2(r+a) e™
(r+a—ae™)

y(x) = (11b)
Next, the analytical expression for the mean-gain for a mixed-carrier initiated avalanche,

M(x), is obtained from the quantities of z(x) and y(x). Specifically, we maintain that

_ re™ _ (ﬁ_a)e(ﬁ-a)x.
M(x) = r+a—ae™ g _ge(B-aw ’ (12a)
or equivalently,
(1_k)e—a(1—k)x
M(x) = = (12b)

where k = g This expression was previously derived by Mcintyre (equation (5) in [2])

using a different method.

In addition, the expression for ionization parameter, aw, in terms of k, M(x) and the
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mixed-injection location (x/w) within the MR is derived as

(1-k) EPRRRCEOTCS
aw = In (e _ ke ) (13a)

k kM(x)

Recall that for an APD device, avalanche breakdown occurs for a value of ionization

parameter for which the mean gain M(x) is infinite. In this case, (13) becomes

e (1_k)

(aw)p =In (13b)

Hence, the breakdown condition is independent of the location of the parent injection, x.
For the case of electron injection (8 < a, hence k < 1, and x = 0), (12) collapses to
the well-known Mclntyre’s classical mean-gain formula in the case of edge electron-
injection [2]:

B-a _ 1-k
B -aeB-ow — e-all-lw_g

M, = M(0) = (14a)

Similarly, for hole injection (8 > «a, equivalently k > 1 and x = w), (12) becomes

My, = M(w) = — = —. (14b)

Next, consider the case k = 0 in (14a) or k = o in (14b), and obtain

M, = eV (15a)
and

M, = efv. (15b)
Similarly, to consider the case when k =1 in (12), and (14), we take the limitas k = 0 (or

k = o) and obtain the familiar position-independent formula

1

1-aw '

M(x) = (16)

The special-case expressions in (15) and (16) are the well-known Mcintyre formulas

(equations (21) and (24) in [15]).
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We note that the approach followed in this paper to obtain the mixed-injection mean gain
is intrinsically different from that followed by Mclntyre. Unlike Mclntyre’s approach, the
approach here lends itself to a solution of the mixed-injection excess noise factor, as

described next.

B. Formula for Mixed-Injection Excess-Noise Factor

In order to obtain an exact analytical formula for F(x), we solve the recursive integral
equations from the DSMT model [10] with zero dead space and k # 1 to obtain the
second moments of electrons and holes, zy(x) and y»(x), respectively, under mixed
injection. The recursive integral equations for the second moments of Z(x) and Y(x) are
equations (22) and (23) in [10] and they are expressed below:

ForO0 <x <w,

z,(x) = [1 - (1 — e W=y (W — x)]

w
+ j [225(8) + (&) + 42(E)y(€) + 222())] e “EDu(t — x)dE

(17a)

and

y2(x) = [1— (1 — e Pux)]
+ [ 29200 + 70) + 42©OY(©) + 297 O P DuCx - £)ag
0

(17b)

where, u(x) = 1 for x = 0, and 0 otherwise.

The differential forms of the above recurrence equations are
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23 (%) + @[z, (x) + y,(x)] = —2az(x) (2y (x) + z(x)), (18a)
and

Y2(x) = Blz2(x) + y,(x)] = 2By (x) (2z(x) + y(x)), (18b)
with the boundary conditions, z,(w) = 1 and y,(0) = 1.
Note that right-hand side of (18a) and (18Db) is explicitly determined by substituting the
previously derived expressions given by (11a) and (11b). To solve the above
inhomogeneous differential equations exactly, we assume a general solution
(combination of complementary and particular solution) to the unknown functions z,(x)
and y, (x) in the form

Z,(x) = pre™ + pe?™ + pyxe™ + pux + ps, (19a)
and
y,(x) = q1e"™ + que?™ + qzxe™ + qux + qs. (19b)

The exponent r turns out to satisfy the same characteristic equation as in (9). Upon
substituting the proposed forms from (19a) and (19b) into (18a) and (18b) and applying
boundary conditions z,(w) = y,(0) = 1, we obtain a system of twelve linear equations
with ten unknown coefficients p1, P2, P3, P4, Ps, Q1, 02, U3, 4, and gs. After some algebra,
the unknown coefficients are determined and second moments of z,(x) and y,(x) are
obtained. Details of solutions are provided in the Appendix.
Finally, the analytical expression for the excess noise factor for a mixed-carrier initiated
avalanche, F(x) is obtained from the quantities of z(x), y(x), z,(x) and y,(x) as follows:

Fiy) = SE@> _ 1172(0)+2 2(0)y () +y, ()]
(x) = <G(x)>2 (1 2
Sz +y ()

(20a)

Hence, upon simplification we obtain
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F(x) -2 {(B—CWZTW)} e X =2 — {w} ea(1—k)x, (ZOb)

(B-ae™) e-a(-kw_g

wherekzgand r=F-a + 0.
The excess-noise factor, F(x), can also be represented in terms of mean-gain, M (x), and
k:

F(x) = k M(0)e2 0™0% 4 2(1 — ke 70%) -~ (1~ k) (1)
The formula in (20) (or (21)) is the generalization of Mclntyre’s formula for the excess
noise factor to mixed injection and it constitutes the first major contribution of this paper.
For the case of electron injection (8 < a, hence k < 1, and x = 0), (21) collapses to
the well-known Mclntyre’s [2] formula:

1:;=F(0)=kMe+(2—Mie)(1—k) (22a)

Similarly, for hole injection (8 > «a, equivalently k > 1 and x = w), (21) becomes

Fp=Fw)="+(2-—)(1-1) (22b)

My k

Next, consider the case when k = 0 in (22a) or k = oo in (22b). In these cases, we obtain

1
Fe =2 — Ve (233.)
and
1
Fr=2- (23b)

To address the case when k = 1, we take the limit as k 21 in (21) and obtain the familiar

formula

1
1-aw

F(x)=M(x) =

, (24)

The special-case expressions in (23) and (24) are those as given by (19) and (22) in [15].

62



C. Analytical Expressions for Distributed Mixed-Injection M and F with an
Exponential Decay Function

Ideally, pure electron (e.g., for Si with low k) or pure hole (e.g., for InP with high k) edge
injection yields the lowest value of F. This can be seen from the expression for F(x) in
(21). However, depending on the photon absorption profile inside the MR,
photogenerated carriers within the MR also contribute collectively to the mixed-injection
multiplication in a distributed fashion. Thus, for a given APD structure, F and M actually
depend indirectly on the wavelength (or more generally on the spectrum) of light. In this
regard, we present analytical expressions for M and F while taking into account different
absorption profiles within the MR.

Consider an incident photon that is absorbed in the multiplication region (0 < x < w)

with probability p,. The generation rate for mixed carrier injection is proportional to
e~*'* where a' is the material absorption coefficient. When the absorption profile is

normalized by p,,/ fowe‘“"‘dx, we obtain the probability density function (pdf) of the

!
a’e—(l X

location of absorption within the multiplication region, namely g(x) = P
The mean gain for the mixed-carrier initiated avalanche, M,(x) = < G,(x) >, is
obtained from the quantities z(x) and y(x) while taking into account the absorption profile

within the MR. More precisely,
Mo(x) = = ["2[2(x) + y(0)] g (x)dx. (25)
By inserting the values of z(x), y(x) into (25), we obtain the following analytical

expression for the distributed-injection mean gain:

al(l_k)(e(—(l—k)a—a’)w_l)

Ma (X) = (e—a(1—k)w_k)(1_e—dlw)(—a(1—k)—a').

(26)
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Similarly, the second moment of mean avalanche gain for the mixed-carrier initiated
avalanche,< G2(x) >, is obtained from the quantities z(x), y(x), z,(x), and y,(x) while
taking into account the absorption profile within the MR. The expression for < G2(x) >
is

< GE(x) > =[5 [2(0) + 2 2(0)y (x) + Y2 ()] g (x)dx. (27)
Moreover, the distributed-injection excess noise factor F, (x) with absorption profile is

expressed as

e
Fa(x) = SE5T (28)

which reduces to

o '{2 (e(—za(l—k)—a')w_l)} {9—2a(l—k)w_k}{(l_e(—a(l—k)—a')w)}]

1_e—a’w> —2a(1-k)—a' “e—ai-Byw_y a(1-k)+a'

Fa(x) = (29)

{ o (e(—a(l—k)—a’)w_l)}z
1

_e—ad'w  —a(1-k)-a’
The formula in (29) is the generalization of Mclntyre’s formula for the excess noise

factor to distributed injection and it constitutes the second major contribution of this

paper.

4.3 Results

The mean gain, M(x), as a function of the electron ionization parameter, aw, is shown in
Fig. 4.1, resulting from the expression as in (12). Six cases of the hole-to-electron
ionization coefficient ratio (k) and three cases of relative mixed-injection parameter (x/w)
are considered. The k values are 0.0001, 0.001, 0.01, 0.1, 0.5, and 0.9 and x/w values are
0, 0.5 and 1. The mean-gain curves show dependence on the k values but not on the
injection location x. This is also evident form (13b). As k approaches unity, the mean gain

curves are almost overlapping for different locations of mixed injection within MR. This
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Figure 4.1: Mean-gain, M(x), as a function of the electron ionization parameter, aw. Six cases of hole-to-
electron ionization coefficient ratio (k) and three cases of relative mixed-injection parameter (x/w) are
considered with k values of 0.0001, 0.001, 0.01, 0.1, 0.5, and 0.9 and x/w values of 0, 0.5 and 1 [24].

is clear from the behavior in the case of k = 1, as expressed in (16).The behavior of F(x)

as a function of M(x) is shown in Fig. 4.2, which results from the exact analytical formula
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shown in (21). Six cases of k and three cases of relative mixed-injection parameter (x/w)
are considered. The k values are 0.0001, 0.001, 0.01, 0.1, 0.5, and 0.9, and the x/w values
are 0, 0.5 and 1. As expected, the excess noise factor shows strong dependence on mixed-
injection location for different values of k. In general, the excess noise factor is at a
minimum for materials with a small value of k and edge electron-injection (or very large
k for edge hole-injection), namely when the parent electron (hole) is injected at the
appropriate edge of the multiplication region. However, in contrast to the case of edge
parent-electron injection, even when k is very low, i.e., k = 0.0001, the excess-noise
factor behavior shows dramatic increase with the mixed injection location (x/w ranging
from 0 to 1) within the MR, as seen from Fig. 4.2. It turns out that mixed injection plays
an important role in the behavior of F(x) as a function of M(x) as well as injection
location and k values.

For validation purposes, the excess noise factor calculated using the formula in (21) is
also compared with that calculated using exact numerical method (ENM) [10] for k
values of 0.1, 0.5 and 0.9, respectively (see Fig. 4.2); the good agreement between the
two approaches is evident. In summary, the excess noise factor increases dramatically
with the mean gain when mixed injection is allowed within the MR. More precisely, F(x)
increases with the location of the mixed injection and k. For example, F increases by a
factor of 1.4 at M = 20 for k = 0.0001 when edge injection is replaced by mixed-injection
at x/w = 0.5. In addition, even when k is very low (~0.0001), F begins to increase
dramatically beyond a certain threshold value of M = 10 when mixed injection is allowed.
Moreover, the mean gain threshold at which F becomes large is determined as a function

of the location of mixed injection and k. The results show that relying on the k value
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Figure 4.2: Excess-noise factor, F(x), as a function of mean gain, M(x). Six cases of hole-to-electron
ionization coefficient ratio (k) and three cases of relative mixed injection parameter (x/w) are considered.
The k values are 0.0001, 0.001, 0.01, 0.1, 0.5, and 0.9 and x/w values are 0, 0.5 and 1. Excess noise factor
calculated using CM approach is compared with that calculated using ENM for k = 0.1, k =0.5 and k = 0.9,
respectively. For ENM, the values of normalized dead space (d/w) are chosen to be 0, 0.01, and 0.1 and are
represented by =-0--, --A--, and ---, respectively. In addition, red, green, and blue lines represent relative
mixed injection parameter (x/w) with the values of 0, 0.5 and 1, respectively [24].
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alone, as we were taught by MclIntyre’s theory, can be very misleading when mixed
injection is a factor.

The pdf, g(x), of the photon absorption location as a function of absorption depth (x) is
shown in Fig. 4.3. The exponential absorption profiles are arbitrarily chosen from narrow
to flat, based on the ' values from 10 to 0.01.

The behavior of the excess noise factor as a function of mean gain for different
absorption profiles is shown in Fig. 4.4, which results from the exact analytical formulas
shown in (26) and (29). Six cases of k and four cases of absorption profiles are
considered. In addition, Mclntyre’s K lines (i.e., x/w = 0) are shown using the dotted lines
with k assuming the values of 0.0001, 0.001, 0.01, and 0.1 to 1 with an increment of 0.1.
Figure 4.4 shows that excess noise factor increases with the narrow to flat absorption
profile. For example, F increases by a factor of 2.35 at M = 20 for k = 0.0001 when a
very narrow absorption profile (¢’ = 10) is replaced by a nearly flat profile (' = 0.01).

In addition, even when k is very low (~0.0001), F begins to increase dramatically beyond
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Figure 4.3: Probability density function (PDF) of the photon absorption location as a function of the
absorption location (x) for different absorption coefficient («’) from flat to narrow with an exponential
decay function [24].
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Figure 4.4: Excess-noise factor (F) as a function of mean gain (M) for different absorption profiles with an
exponential decay function. Six cases of hole-to-electron ionization coefficient ratio (k) are considered. The
k values are 0.0001, 0.001, 0.01, 0.1, 0.3 and 0.4. In addition, Mclntyre’s k (/o) lines (i.e., x/w = 0) are
shown using the dotted lines: 0.0001, 0.001, 0.01 and 0.1 to 1 with an increment of 0.1 [24].

a certain threshold value of M = 2.5 if mixed injection is allowed—a behavior that is very
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different from that seen in the case of edge injection. Moreover, the mean gain threshold
at which F becomes large is governed by the absorption profile and k.

Additionally, for a particular k value, the shape of the distributed F versus the distributed
M is now very different from what Mcintyre formula predicts, as shown in Fig. 4.4.
Overall, McIntyre’s F either underestimates or overestimates the distributed F, depending
on the photon-absorption profile and value of k. For example, as shown in Fig. 4.4(a),
Mclntyre’s F at M = 20 with low value of k (~0.0001), underestimates the distributed F
by the factors of 0.92, 0.81, 0.53, and 0.42 for narrow to nearly flat absorption profiles
with " values of 10, 5, 1, and 0.01, respectively. However, for high value of k (k = 0.1 in
Fig. 4.4(d)), McIntyre’s F at M = 20 overestimates the distributed F by the factors of 1.29
and 1.61 for the narrow absorption profiles with a’values of 5 and 10, respectively. At the
same time, for broader absorption profiles associated with the same k value of 0.1,
Mclntyre’s F at M = 20 underestimates the distributed F by the factors of 0.5 and 0.26 for
o' values of 1 and 0.01, respectively. Note that the small values of k of 0.01 or lower are
important from a practical standpoint as there are several bulk materials that exhibit this
type of behavior, including Si [4], [5] InAs [6], and AlAsSDb [7]. In addition, high values
of k (>0.1) are also important for submicron multiplication regions (e.g., Si pn-junction
APDs), where the very high electric fields (>255 kV/cm) cause an increase in the k value
[8], [9]. For example, the value of k for a p-n junction Si APD for typical operation is in
the range of 0.1 — 0.56 for the high field values in the range of 255 — 900 kV/cm [9]. As
seen from Fig. 4.4(f), for high values of k (~0.4), F exhibits a dramatic increase (by a
factor of 6.6 at M = 20) from a narrow absorption profile (o= 10) to a nearly flat profile

(o= 0.01). Such increase is very dramatic for a k value of 0.4, as compared to an increase
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by a factor of 2.35 for a low k value of 0.0001 with similar absorption profiles.

In summary, our analytical results indicate that MclIntyre’s formula for F may either
underestimate or overestimate the distributed-injection F, depending on the photon-
absorption profile and the value of k. Hence, usage of both k and the photon-absorption
distribution profile in the distributed-injection formula for F can be critical in the reliable

prediction of F in many real devices that involve mixed injection.

4.4 Experimental Validation of the Theory

Mclntyre’s edge-injection formula for F can be inaccurate when applied to APDs with
submicron multiplication region widths (e.g., <500 nm) and high values of k (e.g., >0.12)
[41 S [8]-[91%, [11]1°*°, [12]°. One of the main reasons for such inaccuracy is the
presence of mixed injection. For example, Mclntyre’s formula for F overestimated the
measured F (at 830 nm excitation with k = 0.12) for a n*-p-z-p* reach-through Si APD

[4]. Other examples are low-noise CMOS APDs with a 470 nm multiplication region
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Figure 4.5: Excess-noise factor (F) as a function of mean gain (M) for the N-well/P-sub CMOS APD. The
triangles are the measured values reproduced from [9] using a 633 nm He-Ne laser. The solid and dotted

lines indicate calculated results using exact analytical formulas under total mixed-injection and edge-
electron injection respectively [24].
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width [8] designed for the 380 nm and 600 nm excitations. For these devices, it was
shown that MclIntyre’s F significantly overestimated the measured F for a high value of k
(~1). In this case, the prediction error was attributed to a combination of the distributed
carrier injection and the dead-space effect in the thin multiplication region [8].

Recently, the authors have reported calculated and measured excess noise factors for a
speed-optimized, large area N-well/P-sub APD, which was fabricated in 0.13-um CMOS
process [9]. Here, too, F deviated from that provided by Mclntyre’s classical excess-
noise formula. To obtain an accurate prediction of F, the authors resorted to calculating F
using wavelength-dependent DSMT model under mixed-injection with an extensive
numerical method [9]. Specifically, in addition to accounting for the electron-initiated
avalanche multiplication process, hole injection and mixed-carrier injection were also
taken into account in the recursive DSMT model to calculate M and F numerically while
taking into account the absorption profile of N-well/P-sub CMOS APD [9]. The excess
noise factor for this device was calculated using non-local Si ionization coefficients, and
the results are shown in Fig. 4.5 (reproduced from [9]) with a dash-dot line.

Here we use our derived exact analytical formula for F under mixed injection with zero
dead space to determine F for the N-well/P-sub APD and compare to the measured F, as
shown in Fig. 4.5. The triangles are the measured values of F reproduced from [9] using a
633 nm He-Ne laser. The excess noise factor is calculated using the exact analytical
formula under total mixed-injection (electron, hole and distributed injection) while taking
into account local ionization coefficients of Si [16]; the results are shown in the figure by
the solid line. The calculation is based on using equations (4) and (8) in [9], except that

we use our analytical expressions developed in this paper with zero dead space. The k
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value was calculated to be approximately 0.4. Note that the value of k for silicon is much
larger at very high electric fields present in very thin multiplication regions (e.g., <400
nm [17]-[22] than that for bulk silicon) as shown in Fig. 1 in [23]. Figure 5 shows that the
calculated excess-noise factors are in good agreement with the measured values for the
N-well/P-sub CMOS APD.

The calculated F using Mclntyre’s formula is shown in Fig. 4.5 by the dotted line. The
comparison between the excess-noise factors corresponding to McIntyre’s formula (edge
electron injection) and our analytical mixed-injection formula shows that Mclntyre’s
prediction of F overestimates both the measured and the calculated mixed-injection F.
This is also evident from Fig. 4.4(f), where McIntyre’s F (for a k value of 0.4)
overestimates the distributed F for narrow absorption profiles (e.g., «'= 5 and 10). Note
that the calculated F for both the analytical and numerical cases are slightly higher than
the measured values. This could be due to the presence of non-uniform electric fields in
the multiplication region of N-well/P-sub APD [9]. Additionally, dead space, which is
ignored in the mixed/distributed injection formulas in this paper, also plays an important
role to calculate F numerically with accuracy for a thin multiplication region of 270 nm
for the N-well/P-sub APD as shown in [9]. This is why the DSMT is showing better
agreement with measurements than that produced by the closed-form distributed-
injection formula; nonetheless, the latter offers a drastic computational simplification

compared to the DSMT method.

4.5 Conclusion
Easy-to-use and closed-form exact analytical formulas for the excess noise factor are

derived for mixed carrier injection and distributed-carrier injection APDs as shown in
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(21) and (29), respectively. The analytical results are in excellent agreement with those
calculated using the exact, numerically implemented DSMT method [10]. The results are
also in good agreement with experiments [9]. The newly-derived formulas reveal that in
contrast to the case of edge electron injection, even with a small level of hole ionization
(e.g., small k ~0.0001), the excess noise behavior exhibits a dramatic increase when
mixed injection is allowed. It is also shown that the distributed-injection excess noise
factor increases relative to the predictions offered by the classical Mclntyre’s theory,
which assumes edge injection, depending on the absorption profile as it ranges from
narrow to flat within the multiplication region. Comparisons show that Mclntyre’s
predictions of the excess noise factor either underestimate or overestimate the distributed-
injection F, depending on the photon absorption profile and the value of k. Hence, relying
on the k value alone in predicting the excess noise factor can be very misleading in cases
when mixed injection is occurring. Therefore, the simple formulas reported in this paper
provide a valuable tool for optimizing the design of APD structures that exhibit even

small levels of photon absorption in their multiplication regions.

Appendix

A. Exact Expressions for z(x) and y(x)

We begin by inserting the solutions from (10a) and (10b) into (6a) and comparing
coefficients, we obtain
c1+c; =0 (30a)
and
(r+a)c; +acy =0. (30b)
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By applying the boundary conditions, z(w) = 1 and y(0) = 1 into (10a) and (10b), we
obtain
¢, +ce™ = (31a)
and
c, +c; =1 (31b)
By solving for the unknown coefficients from (30) and (31), we can solve for z(x) and

y(x). The solutions for unknown coefficients are deduced as follows:

. = (r+a+ae™) and ¢! = —2a
1= (r+a—ae™) 1= (r+a—ae™)
and
—(r+a+ae™ 2(r+a
¢, = —LHaree) ang o = 20+

(r+a—ae™) (r+a—ae™)’
Next, we insert these values of ¢y, c¢;, ¢z, and c¢; into (10a) and (10b), we have the

following expressions for z(x) and y(x):

_ (r+a+ae™)-2ae™
Z(X) - (r+a—ae™) (323.)
and
—(r+a+ae™)+2(r+a) e™
y(x) = (32b)

(r+a—ae™)
Finally, by using the quantities of z(x) and y(x), we obtain the analytical expression for

the mean gain, M (x) under mixed-injection given in (12).

B. Exact Expressions for z,(x) and y,(x)

We begin by inserting the values of z(x) and y(x) into (18a) and (18b) and obtain

2a(r+a+ae™)? —8a (r+a) (r+a+ae™)
Zé (x) t a[ZZ(x) + yZ(x)] - { (r+a—ae™)?2 } { (r+a—ae™)?2 }erx +

{ 8a?(2r+a) }lex (333.)

(r+a—-ae™)2
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and
z3(x) — Blzo(x) + y,(x)] =

{—Zﬁ(r+a+ae’”w)2} + {SQﬁ(T+a+aerw)} er* 4+ {—sﬁ(rz—az) }lex (33b)

(r+a—ae™)2 (r+a—ae™)2 (r+a—ae™)?2

Now substitute the general solution from (19a) and (19b) into (33a) and (33b),
respectively, we obtain the following equations involving pi1, p2, P3, P4, Ps, 41, 92, 03, J4, J5
with r

(ps + aps + aqs) + (apy + aqy )x + {(r + a)p; + p3 + aq}e™ + {2r + a)p, +

2a(r+a+aerw)2} {—80( (r+a) r+a+ae™)
(r+a—ae™)2 (r+a—ae™)2

aq,}e?™ + {(r + a)p; + aqz}xe™ = { }e” +

{ 8a?(2r+a) } 2

(r+a—-ae™)?

(34a)
and

(—Bps + qs — Bqs) + (—=Bps — Bqs)x + {—Bp1 + (r — B)q; + q3}e™ +

{=Bp, + 2r = B)q}e®™* + {—Pps + (r — B)qz}xe™ = {_Zﬁ(rmwerw)z} +

(r+a—ae™)2

{Saﬁ (r+a+ae™)
(r+a—ae™)?

}e”‘+

{ 8p(r?*-a?) }Ber ]

(r+a—ae™)?
(34b)
By comparing coefficients from (34a), we obtain

_ 2a(r+a+ae™)?

(s +aps +aqs) ===

(pa+4q4) =0,

-8a(r+a)(r+a+ae™)
(r+a—ae™)2

(r+)p, +ps +aqy) =
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8a’(2r + a)
(r+a—ae™)?

((Zr + a)p, + aqz) =

and
((r + a)p; + aqg) =0.
Similarly, by comparing coefficients from (34b), we obtain

—2B(r + a + ae™)?
(r+a—ae™)?

(=Bps +qs — Bqs) =

)

(pa+4q4) =0,

8af(r+a+ ae™)
(r+a—ae™)?’

(=Bp1+ (@ —PBla1 +q3) =

8B (r? — a?)
(r+a—ae™)?

(=Bp2+ (2r = B)gz) =
and

(=Bps + (r—pB)gq3) =0
Now, by applying boundary conditions, z,(w) = y,(0) =1 into (19a) and (19b), we
obtain

pre™ +pe?™ + pswe™ +pw +ps =1,

and

1t qztqs =1

By solving for the ten unknown coefficients from the above twelve equations, we can
solve for z,(x) and y,(x). The solutions for unknown coefficients are deduced as

follows

_ =8rfar+a—p) +4ar +a—ae’™)(p —2a2r + a —p))
P1= Qr+a—-p)r+a—ae™)3 '

7



_ 8a?Qr+a-p)-4raf
bz = (r+a-ae™)2 2r+a-pB)’

p3:01

p4:01

2(r+a—ae™)?

Ps =z s

(r+a—ae™)?

_ —8(r+a)(r+a-ae™) —-8r2(r+a)2r+a-B)+4(r+a)2r+a—ae?™W)(rf-2a2r+a—pB))
a0 = (r+a—ae™)2 @r+a-B)(r+a—-ae™)3 !
_ 4Pr(2r+a)
Q2= (r+a—-ae™)2 2r+a-p)’
q3 = 0’
q4- = 0’
and

s =1-(q1+ q2)-

Next, we insert these values of p1, p2, P3, P4, Ps and i, 02, 03, g4, gs into (19a) and (19b),
we have the following expression in the form of summation for z,(x) and y, (x):

z(x) + y2(x) = (p1 + q1)e™ + (p2+qz)e*™ + (ps + gs),

zp(x) + ¥ (x) =

{8r3(2r+af—ﬁ)—4r(2r+a—ae2TW)([§r—2a(r+a+aerw)) _ 8(r+a)(r+atae™)
Q@r+a-p)(r+a-ae™)3 (r+a—ae™)2

}e”‘+

{ 8(a?2r+a=p)+pr?) } 2rx {2(r+a+aerw)2},

(r+a—ae™)2Qr+a-p) (r+a—ae™)2
In addition, we have the following expression for z(x) and y(x):

22(x)y(x) = — {2(r+a+aerw)2} n {4(r+2a)(r+a+ae7‘w)} oTx _{ 8a(r+a) }QZTx’

(r+a—ae™)2 (r+a—ae™)2 (r+a—ae™)2

Finally, by using the quantities of z(x), y(x), z,(x) and y,(x), we obtain the exact

analytical expression for the excess noise factor under mixed-injection given in (21).
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Chapter 5

Algorithmic Multi-color CMOS Avalanche Photodiodes for
Smart-lighting Applications

5.1 Abstract

A spectral sensing algorithm is developed while taking into account photocurrent noise
fluctuations from an expensive (CMOS compatible) dual-junction silicon avalanche
photodiode (APD) that outputs the intensity and spectrum of the sensed illumination.
This addresses the needs of smart lighting without the use of any spectral filters. The
proposed dual APD device outputs two photocurrents simultaneously, one for each
junction, and each junction is controlled independently via a bias voltage so that each
photocurrent can exhibit its own avalanche amplification factors and sensitivity. The idea
is to produce a series of photocurrent pairs, at judiciously prescribed pairs of biases for
each acquisition, which would contain sufficient spectral information about the light as
well as its intensity, which can be extracted from the data via the spectral sensing
algorithm. Modeling shows that we can ideally use a pair of biases to detect the color and
intensity within 10 nm spectral resolution in the 440-650 nm wavelength range using a

maximum likelihood (ML) algorithm.

5.2 Introduction

There is a need in emerging smart-lighting concepts for a high-speed sensing capability
to enable adaptive-lighting (smart spaces) and visible-light communication. One

approach to address this need is to design and manufacture a low-cost, high-sensitivity
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color sensor to be used in lighting enabled systems and applications. The novel sensor
network will process light with right color and intensity. The color sensor will enable
automatic adjust of right lighting for us at any given time, optimized for human health
and productivity [1]. This chapter focuses on the advanced dual-junction CMOS
avalanche photodiode (APD) to enable spectral selection as well as light intensity
detection. In addition, this type of APD can offer wavelength dependent photocurrent
amplification to provide better noise performance over ordinary photodiodes where
thermal noise is a limiting factor.

Recent development of color sensors based on vertically-stacked multi-junction CMOS
process has led to double [2], triple [3], and quad [4] junction RGB sensors. Although,
the reported vertically-stacked multi-junction sensors can detect light intensity with
wavelength selectivity, they cannot provide high speed and high responsivity as required
for short distance visible-light communication, high-speed integrated optical receivers,
optical storage systems, and high speed integrated cameras and imagers. Further
enhancement of device characteristics is expected for high-speed, high-sensitivity and
cost-effective color sensors. To this end, the avalanche effect in silicon can be exploited
to increase their responsivity while using dual/multiple junctions to offer wavelength
selectivity. The CMOS double photodiode (DPD) approach was first introduced in [5], in
order to achieve faster integrated photodiodes by extending the width of the depletion
region. The avalanche effect was later introduced in the double photodiode [6], which
was named as the avalanche double photodiode (ADPD), and it was fabricated in 40-nm
standard CMOS technology. The unity-gain responsivities were reported to be 0.15 A/W

(0.038 A/W) and 0.22 A/W (0.068 A/W) for 660 nm and 520 nm, respectively, for the
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PW/DNW/P-sub (P+/NW/P-sub) ADPD device structure. Most of the common design
approaches, n+/p-well and p+/n-well based APD structures, fabricated in standard CMOS
technology, suffered from thin absorption and multiplication regions, which led to limited
responsivity.

To further increase the responsivity of CMOS APDs, the thickness of the absorption
region should be as large as possible to maximize quantum efficiency while still having a
CMOS-compatible design. A fast and efficient silicon p-i-n photodetector, fabricated in
BiCMOS process, was reported in [7] with responsivities of 0.08 A/W at 410 nm and 0.36
A/W at 660 nm, respectively. The responsivities were measured at a very high reverse
bias voltage of 17 V, which is beyond the CMOS-circuit voltage levels. In a recent
CMOS SAM APD, a high unmultiplied responsivity of 0.41 A/W was reported with 5-
nW optical power using a 670-nm laser source under a reverse bias voltage of Vo =0.4 V
[8]. The reported linear-mode APD was fabricated using 0.35-pum standard high-voltage
CMOS process with an epitaxial wafer. One of the challenges in existing linear-mode
CMOS APD:s is that they need to be operated at voltages (e.g., 25, 35, 68 V) that are
much higher than those allowed by the CMOS-circuit voltage levels (e.g., 9 V or less) [8-
10]. In addition, low breakdown voltage APD benefits from low power operation and
simple electrical bias circuitry.

More specifically, color detection methods have been reported [11], [12] for the buried
double-junction (BDJ) CMOS detector, without the need for any optical filters. The first
method [11] took into account the ratio of the two photo-currents (from two photodiodes)
at a very low reverse bias voltage which yields monotonically increasing function of the

wavelength, resulting in wavelength determination. This method of color detection
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suffers from wavelength resolution. In this regard, the photo-current noise fluctuations
were taken into account to determine minimum distinguishable wavelength difference,
i.e., wavelength resolution [12]. However, this wavelength resolution degrades with the
decrease of incident signal level. Note that both of the methods took into account unity
gain photo-current ratios for color determination. Additionally, aforementioned BDJ
sensors cannot provide high-speed and high-responsivity detection as required for visible-
light communication. Therefore, a sophisticated spectral and light intensity detection
method is required which takes into account APD gains at different bias voltages as well
as photo-current noise fluctuations. The avalanche effect in silicon can be exploited to
increase their responsivity while using dual-junctions to offer wavelength selectivity.
This method can offer better wavelength resolution even at the presence of low level of
incident signal.

In this chapter, we design and model a simple, inexpensive and high responsivity CMOS-
compatible dual-junction SAM APD [13] to be operated in the linear avalanche mode
with an avalanche breakdown voltage below 10 V. This device is based on an earlier
single-junction design that operated at a low reverse-bias voltage of 8.5 V [14]-[16] as
reported in Chapter 2 in this report. The double-junction device can offer wavelength
selectivity as well as wavelength-dependent photocurrent amplification to amplify any
losses due to any filter-based selectivity as reported in [17]. Specifically, we propose here
a simple color detection method using maximum likelihood estimation for the high-
responsivity [13] dual-junction CMOS APD. This type of APD is expected to provide
wavelength selectivity through integration with the aid of post-processing, which may

enable spectral resolutions higher than those available in the raw sensor data.
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5.3 Spectral Sensing Algorithm Using Maximum Likelihood Estimator
The maximum likelihood estimator (MLE) is used to estimate the wavelength and
intensity parameters from the dual-junction avalanche photodiodes. An spectral sensing
algorithm is proposed to estimate the parameters by maximizing the log-likelihood
function. Consider the noise model for the given values of photocurrent signals

LY =1 + Ny &)
and

19 =12 + NP 2
where I,E? and Ig) are the known photocurrent signals, N,fll) and N,,(zz)are the additive
noise signal (i.i.d., i.e., independent and identically distributed random variables) to the
photocurrent signals. The photocurrent signals are expressed as follows

I, = PoGyy Ry (o) ©)
and

I, = PGy Ry (Ao) )
where 61511) and GIEZZ) are the mean-gains and from top and bottom photodiodes

corresponding to the applied reverse bias voltages V; and V, respectively, R,(,? and Rg)

are the spectral responsivities. The noise signals are assumed to be i.i.d. normally
distributed with photocurrent (gain noise) and thermal noise variances and are

represented as follows
2 _ 2 2
o, = 0i T Ogp ()
v1

and

2 _ 2 2
o @ = 0f, + 0¢p . (6)
v

85



The photocurrent variance Uizl (aiz2 ) for an APD device for fixed (deterministic) gain 61511)
(G,SZZ)) is expressed as follows

o2 = 2eGS G BEY" )
and

o2 = 2eG\YBE?, (8)
where Fv(ll) (FU(ZZ)) is the excess noise factor at mean-gain G,Sll) (G,SZZ)) and B is the circuit

bandwidth.

The photocurrent mean 7; (i) for an APD for deterministic gain G (G.>) is as follows

_ y)

b1 = GzE?’h :_CPO ©)
and

L=6%n,2p 10

L2 = by, M2 Fo (10)

where 71 and 7, are the quantum efficiencies of top and bottom photodiodes respectively,
e is the charge of an electron, h is the Planck’s constant, c is the speed of light, and 4 is
the wavelength of light. Thermal noise is introduced to the avalanche photodiodes by the
thermal motion of charged carriers in resistors and other dissipative elements associated
with an optical receiver. These motions in turn yield a random thermal electric-current
(whose mean value is zero) even in the absence of an external electrical power source.
Therefore, the thermal noise is the electric-current variance in a resistance, R, at

temperature, T and is expressed as in [18]

4kgTB
R

0fy =< ify > = (11)
where Kg is the Boltzmann constant.
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Now, the maximum likelihood (ML) estimates the parameter,8,,,, which maximizes the
joint probability density function (PDF), f;, 1, (i1,i,,6), for the observed values of
photocurrents, i; and i,. The MLE of 4 is expressed as follows

éML(/L Py) = argmglx f11_12 (i, i2,0) (12)
where 0 (4, Po) is a parameter.
Consider that the top photodiode current Iy has a density f; (i;) and the bottom
photodiode current I, has a density f;, (i). Since I, and I, are independent random
variables and jointly absolutely continuous for all i; and i, the joint PDF can be written
as follows

]CILIZ (i1, i) = fi, (i) X f1, (i) (13)

Since the additive gain noise and thermal noise are random, we have undertaken
Gaussian distribution of PDF in order for parameter estimation. The joint PDF is

expressed as follows

_ (1—7)? _ (—1p)?
2 2
fon (i) = e M L
I, I lll lz = e 1 e 2
L7 V2o ) V2 o 2
Ny, N,
T 252 102 ((1-1)2+(i2—13)?)
o 1 OO »
f11,12 (iy, i) = o o D o e o (14)
V1 v2

However, it is convenient to use log-likelihoods since it increases the numerical stability

of parameter estimates. The joint log-likelihood function is expressed as follows

L _ __ _1 2 ) _ 152
l(11’12'll'aNf,i)'ll'aNf,?)_ In(2m) 21n<aN%)> zlnaNf,?
1 A .
e (b~ WP+ (- B)P) (15)
D" y@)
V1 V2
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The parameters of a Gaussian distribution and therefore the log-likelihood function are

the mean i; (i) and variance 01\2’(1) (01\2,(2)). The values of mean and variance that
V1 2

maximize the log-likelihood function are the estimated values. Note that wavelength and
light intensity parameters are embedded into the mean and variance in the log-likelihood
function. In other words, the values of the wavelength and intensity parameters which

maximize the log likelihood function are the desired parameters of estimation.

5.4 Application of Algorithm to a Dual Junction P+/N-well/P-sub CMOS APD

5.4.1 Device Structure

The dual-junction P+/N-well/P-sub APD device structures have been fabricated using
IBM 0.13-um CMOS process. Figure 5.1(a) shows the zoomed-in layout view of the
photodiode with 20 x 20 um? sub-sections and the schematic ADPD structure (350 x 350
um?) is shown in Fig. 5.1(b). The structure is reproduced from [19] which includes a p-

substrate layer, a 1.5-um thick N-well layer, and a 0.3-um thick N+ layer.
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(a) (b)
Figure 5.1: A dual-junction Si APD fabricated using IBM 0.13-um CMOS process: (a) layout view

showing 20 x 20 um? sub-sections and (b) P+/N-well/P-sub structure (350 x 350 um?). (a)-(b) are
reproduced from [19].
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5.4.2 Calculation of Mean Gain and Excess Noise Factor

Wavelength dependent mean-gain and excess-noise factor (Fig. 5.4) were calculated
using the non-local dead-space multiplication theory (DSMT) for the P+/N-well and N-
well/P-sub APDs. The details of analytical calculation method was reported in [19]. It is
assumed that the depletion region of APD is extended from x = 0 to x = W, where W is
the depletion-region width. For the P+/N-well APD, the avalanche multiplication process
is assumed to be initiated by the photogenerated electron at the high field (x = 0) and
electrons travel in the positive x-direction within the depletion region (0 < x < W) (Fig.
5.2(a)). For the N-well/P-sub APD, the avalanche multiplication process is initiated by
the photogenerated electron at the low-field (x = W) and electrons travel in the negative x-
direction within the depletion region (0 < x < W) (Fig. 5.2(b)). Aside from electron-
injection, the hole-injection and mixed-carrier injection multiplication process were
considered in the recursive DSMT model while taking into account the absorption profile
of each device [19]. The electric field, multiplication width, electron and hole dead
spaces in conjunction with the Si ionization coefficients were used in the DSMT
analytical model to predict the avalanche breakdown voltage, mean-gain, and the excess-

noise factor while taking into account 460 nm, 542 nm, and 633 nm excitations.

P+ E P+
x=0 O 7
- WDepletlon region ¢ l/ N-well
N-well = L
*= 0 Depietion regton ||,
epletion region | ||,
P-sub r= : : ‘P
P-sub

(a) (b)

Figure 5.2: P+/N-well APD section showing direction of electron injection (a) and N-well/P-sub APD
section showing the direction of electron injection (b). (a)-(b) are reproduced from [19].
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5.4.3 Measurement Results
Measured dark-current as a function of applied reverse bias voltage for the P+/N-well/P-
sub CMOS DAPD is shown in Fig. 5.3. A Keithley 237 source-meter was used to record

10™
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Figure 5.3: Measured dark-current as a function of applied reverse bias voltage for the P+/N-well and the
N-well/P-sub APD devices.
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Figure 5.4: Measured excess-noise factor versus mean-gain for the P+/N-well and the N-well/P-sub APDs,
respectively, using 542 nm and 633 nm lasers. The wavelength dependent excess-noise factors are
calculated using non-local DSMT analytical model. Mclntyre’s curves are denoted with k = 0.1, 0.2, 0.3,
and 0.4.
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current voltage characteristics. The P+/N-well and the N-well/P-sub APDs exhibit low
dark currents of ~92.3 nA and ~13.5 nA at the linear avalanche breakdown voltages of
~11V and ~10.5 V, respectively.

The measured wavelength dependent excess-noise factor as a function of the mean-gain
is shown in Fig. 5.4. For the P+/N-well APD, a very low excess-noise factor of 4.1 (4)
was measured at a mean gain of 16 corresponding to a k value of ~0.1, using a 542 (633)
nm He-Ne laser. Note that excess-noise factor was not possible to measure at the 460 nm
exitation as this wavelength exhibited very low amount of photcurrents.

The measured spectral-responsivity at different applied reverse bias voltages are shown
in Figs. 5.5(a) and 5.5(b), respectively for the P+/N-well/P-sub DAPD. A single grating
monochromator along with a 100 W tungsten light-source were used for the spectral
measurements. The bias voltage was applied to the APD device using a Keithley 236
SMU and the resultant photocurrent was recorded with a SR830 lock-in amplifier (LIA).
The unity-gain responsivities were measured to be 0.01 A/W, 0.014 A/W and 0.012 A/W
for 460 nm, 542 nm, and 633 nm excitations, respectively for the P+/N-well APD. For
the N-well/P-sub APD, the unity-gain responsivities are 0.001 A/W, 0.022A/W, and
0.025 A/W. However, improved spectral responsivity is observed in Figs. 5.5(a) and
5.5(b), with increased reverse bias voltages. Note that higher reverse bias voltage causes
widening of the depletion region and the resultant avalanche multiplication process in
turn increases responsivity. For the P+/N-well APD, spectral responsivities were
measured to be 0.09 A/W, 0.12 A/W, and 0.1 A/W for the 460 nm, 542 nm, and 633 nm
excitations, respectively at a linear avalanche breakdown voltage of 10.4 V. For a variant

N-well/P-sub APD, responsivities were reported to be 0.31 A/W, 0.47 A/W, and 0.55
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Figure 5.5: Measured spectral responsivity as a function of wavelength for the P+/N-well (a) and the N-
well/P-sub (b) APDs of DAPD device.

A/W at a linear avalanche breakdown voltage of 10.6 V. The measured respsonsivity

values are higher for those reported for DPAD at the 95% of breakdown voltage [6].

The ratio of the two photo-currents from the N-well/P-sub and the P+/N-well APDs as a
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Figure 5.6: Photocurrent ratio of the N-well/P-sub and the P+/N-well APD as a function of wavelength at
the applied reverse bias voltage of -10 V.

Normalized joint pdf

Figure 5.7: Normalized joint pdf as a function of photocurrents from the P+/N-well/Psub DAPD for the
color detection using the spectral sensing algorithm. However, this dual APD vyields ambiguity in color
detection as different peaks appears for a particular wavelength. This is due to the excessive fluctuations in
photocurrents which results from irregular transmission characteristics as light passes through the dielectric
stack atop the APD surface.
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function of wavelength at a applied reverse bias voltage of -10 V is shown in Fig. 5.6. In
general, the photocurrent ratios from two ordinary photodiodes yields monotonically
increasing function of the wavelength and is served to determine the color and intensity
of the incident light [11]. However, in our case, photocurrent ratios in Fig. 5.6 show
peaks which results from the optical interference in the dielectric stack above the silicon
surface. Note that the P+/N-well/P-sub DAPD was fabricated using IBM 0.13-um CMOS
process. This CMOS process consists of 8 metal layers and 8 dielectric layers as well as a
final passivation layer on top of the last metal layer. The metal, dielectric and passivation
layers add up to the total stack. As a result, the incident light onto the device undergoes
multiple reflections and refractions as well as attenuation through the Stack of materials.
This results irregular transmission characteristics as a function of wavelength [20]-[21].
In addition to the total stack, 0.13 um CMOS technology has +20% process variation in
the thickness of dielectric layers. This process variation also results highly nonlinear light
transmittance through the dielectric stack [20]-[21], which yields photocurrents and
responsivity fluctuations in the fabricated APDs [6]. As a result, an irregular photocurrent
ratio curve as shown in Fig. 5.6 provides ambiguity in determining color and intensity of
the incident light. However, the problem of irregular transmission characteristics [20]-
[21], spectral response, and therefore photocurrent ratios can be resolved by using the
optimized CMOS process which can replace aforementioned dielectric stack with an
antireflection (AR) coating [6], [13]. The AR coating is expected to provide smooth
variation of photocurrents which in turn provides light-color selectivity from the

monotonically increasing photocurrent ratios as function of the wavelength.

The normalized joint pdf as a function of photocurrents from P+/N-well and N-well
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APDs is shown in Fig. 5.7 The values of the wavelength and intensity parameters which
maximize the likelihood function are the desired parameters of estimation. However, this
dual P+/N-well/Psub APD yields ambiguity in color detection as different peaks appears
for a particular wavelength. This is due to the excessive fluctuations in photocurrents
which results from irregular transmission characteristics as light passes through the
dielectric stack atop the APD surface. In order to get rid of this irregular transmisison
charecteristics we have designed a novel dual juantion silicon APD where AR coating is

used atop the APD surface, as described next.

5.5 Proposed Dual Junction Si APD with an Antireflection Coating

Proposed device structure of the CMOS-compatible double junction, SAM APD is shown
in Fig. 5.8. The blue enhanced (top) p-i-n SAM APD consists of a p+ region, a 0.3 um p-
epitaxial layer and a n+ region, where p- layer is the absorption zone and the junction
between p well and n+ region is the multiplication region. The red enhanced (bottom) p-
i-n SAM APD consists of the n+ region, a 5 um p- epitaxial layer and the substrate

region, where the p- layer is the absorption zone and the junction between n+ and p well
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Figure 5.8: Schematic device structure of a double-junciton CMOS-compatible SAM APD [13].
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is the multiplication region. A silicon nitride (SiN) layer of 77 nm is used as an anti-

reflection coating.

5.5.1 Simulation Results Using Sentaurus TCAD

Simulations were performed using Technology Computer Aided Design (TCAD)
Sentaurus™ tool to evaluate the optical and electrical characteristics of a two-
dimensional double-junction, CMOS-compatible SAM APD device structure. Reflection,
transmission and absorption spectra, zero-bias responsivity and zero-bias quantum
efficiency were calculated using transmission matrix method (TMM) optical solvers in

conjunction with the complex refractive index model embedded in Sentaurus TCAD [22].

A. Reflection Spectra

The illumination window of 20 um is used to confine the incident light to a certain part of
the photodiode structure. A distribution window of rays (Raytracing) is used to define the
set of starting rays. The number of rays in the distribution window is specified as 300
during simulation. As a result of the above specifications, 300 rays start from an
illumination window located at a distance of above the bottom surface of the SAM
photodiode. These rays are distributed equidistantly to a width equal to the photodiode
width. The reflectance spectra, quantum efficiency spectra, and spectral response of the
photodiode are simulated by ramping the wavelength and activating the raytracer. In
addition, the continuity equations for electrons and holes are solved fully coupled to the
Poisson equation. Both the electrodes are kept at zero bias.

The normally incident light rays start from 0.1 um atop photodiode and travel in the
positive y-direction. The three light interaction phenomena occur throughout the device:

(1) reflection of incident photons from the top surface of the photodiode; (2) absorption

96



of photons inside the photodiode, and (3) transmission of photons out of the bottom
surface of the photodiode.

The power reflectance, R(A), from the top surface of the photodiode is computed as
follows [22]-[24]:

Ntop(D)

R =5

(16)

where Nyp (1) is the reflected photon flux from the top surface of the photodiode and
Nin(1) is the incident photon flux.
The power transmittance, T(A), from the bottom surface of the photodiode is computed as

follows [22]-[24]:

Npor(A
T(1) = an—t&; (17)

where Npot(L) is the transmitted photon flux through the bottom surface of the photodiode.
These photon fluxes are related to the wavelength and the power absorbance, A(}), in the

silicon photodiode as [22]-[24]:
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Figure 5.9: Simulated reflection, transmission and absorption spectra as a function of wavelength [13].
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Simulated reflection, transmission and absorption spectra as a function of wavelength is
shown in Fig. 5.9. Optical reflectance coefficient is negligible below the 550 nm
wavelength and is very low at 635 nm. Optical absorption coefficients were calculated to
be 0.6 and 0.55 for 405 nm (blue region) and 635 nm (red region), respectively. In
addition, the optical energy conservation is obeyed over the wavelength range 0.4 um to
0.8 um. For the structure under consideration and with 77 nm silicon nitride (SiN) layer
thickness, the optical reflectance coefficient is almost zero below the 550 nm wavelength
and is very low (0.1) at 635 nm. Optical absorbance coefficients are calculated to be 0.6
and 0.55 for 405 nm (blue region) and 635 nm (red region), respectively. For any

wavelength, 4, the optical energy conservation is definedasR + T + A = 1.

B. Incident, Absorbed and Photogenerated Carrier Fluxes
Consider Ggp is the optical generation rate due to photon absorption inside APDs and
lon(4) is photocurrent resulting from those photogenerated carriers reaching the terminals.
Assume that Nin(1) (s™), Nopt(h) (s™) and Npn(2) (s™) are the incident photon flux,
photogenerated carrier flux in APD due to optical generation, and photocurrent carrier
flux contributing to the photocurrent, at any applied bias, respectively. In addition,
Nono(4) (s™), is the zero-bias photocurrent carrier flux which contributes to the zero-bias
photocurrent, Ipno.
In reality, the relation between the different particle fluxes is [22]-[24]:

Nin(4) > Nopt (1) > Npn (2). (19)
The low value of Ny (1) as compared to the Nin(4) arises from the optical losses as a

result of reflection from top surface and transmittance at the bottom surface of the APDs.
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Additionally, the value of Ny (4) is less than the N (4) due to recombination losses, in
the bulk and at surfaces or interfaces.

The incident photon flux, N;,, (1), is related to the incident light intensity, I;,(4), as

AMin(A
Nin(ﬂ-) = c( )Asurf- (20)

h
Incident optical power, P, (1), is related to the incident light intensity, li, (1), as

Pin () = lin (A) Asurt, (21)

where Agurr = Witk and wi is the total width of the photodiode in x-direction.

The absorbed photon flux, Nass (1) (s™) is computed from

Naps(D) = L, [, Gaps(x,y, A)dA, (22)
where L, is the width of the APD in z direction and Gaps (x, », 1) (cm™s™) is photon
absorption density at each point inside the APD.

The optical generation rate, Gopt (cm™3s™), is the rate at which electron—hole pairs are
generated due to absorption of photons [22]-[24]:

Gopt = 7oy Gabs, (23)
where #qy is the quantum yield which terms as the ratio of the number of electron-hole

pairs generated per absorbed photon. In addition, Noy: (4) and Ny (4) are computed from

[22]-[24]:
Nope() = L, [, Gope (x, 7, D)dA. (24)
Or,
Nopt (A) = 7gv Naps, (25)
and
Npp (2) = 222 (26)

q
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Figure 5.10: Simulated incident (N;,), photogenerated (No), and zero-bias photocurrent fluxes (Ngno) as a
function of visible wavelenghth of light [13].

C. Quantum Efficiency and Responsivity
The quantum efficiency and responsivity (Figs. 5.11 and 5.12) are calculated using the
incident, photogenerated and zero-bias photocurrent fluxes for the top and bottom

photodiodes, respectively, as shown in Fig. 5.10 and are given by [22]-[24]

Npp(A) Npp(A)
1) = 220 and 1y () = 2D (21)
and
A A
Rexto\) = %next()\) and Ri(}\) = %771'(7\)- (28)

Note that the electron-hole pair generation (from photon absorption) depends on the
penetration depth: long wavelength light penetrates silicon deeper than the light with
short wavelength. As a result, zero-bias peak spectral responsivities were calculated to be
0.25 A/W at 450 nm and 0.38 A/W at 635 nm for the top and bottom APDs, respectively

with a constant input optical power intensity of 10 mW/cm? (see Table 5.1).
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Figure 5.11: Simulated external and internal quantum efficiency (EQE and IQE) for the blue (top) and red
enhanced (bottom) photodiodes, respectively [13].
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Figure 5.12: Simulated external and internal spectral responsivity (ESR and ISR) for the blue (top) and
red-enhanced (bottom) photodiodes, respectively [13].

Table 5.1: Calculated zero-bias quantum efficiency and
responsivity [13].

APD Quantum  Responsivity Wavelength

efficiency (A/W) (nm)
Top 68% 0.25 450
Bottom 70% 0.38 630
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5.5.2 Spectral Sensing Algorithm for the Dual-Junction SAM APD

The Technology Computer Aided Design (TCAD) Sentaurus™ Workbench, SDevice,
SDE, and SVisual were used to evaluate the photo-current and responsivity
characteristics of a dual-junction CMOS APD. Simulated photo-current as a function of
wavelength at the reverse bias voltages of 0, -3, -5, and -7 V, respectively is shown in
Fig. 5.13. The external resistor me thod was used to extract individual photocurrent Iy,
and l,o; from the top and bottom photodiodes, respectively at different bias voltages. The
photo-currents depend on the applied reverse bias voltage as well as the incident
wavelength onto the active area of the APD. Photo-current increases with the increased
reverse bias voltage. Increased reverse bias voltage results widening of the depletion
region in photodiode. At a linear-mode avalanche breakdown voltage, photo-generated
carriers (electrons and holes) are strongly accelerated by the strong internal electric field
generating secondary carriers. This avalanche process contributes to higher photo-current
as well as increased quantum efficiency and spectral responsivity (see Fig. 5.14). Note
that the electron-hole pair generation (from photon absorption) depends on the
penetration depth: long wavelength light penetrates silicon deeper than the light with
short wavelength. As a result, zero-bias peak spectral responsivities were calculated to be
with a constant input optical power intensity of 10 mW/cm? (see Table 5.1).

Incident light on photodiodes gives rise to two photocurrents, liop and lpet

Lop (1) = PGP REP (1) (29)
and
Inot(A) = PGP RYD (1) (30)

0.25 A/W at 450 nm and 0.38 A/W at 635 nm for the top and bottom APDs, respectively,
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where p is the incident light intensity, G,; (top) and G,; (bot) are the gains of top and

bottom photodiodes, respectively corresponding to a applied bias voltage Vi, Ry1 (top)

and Ry; (bot) are the wavelength dependent spectral responsivities.
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Figure 5.13: Simulated photo-current as a function of wavelength at the bias voltages of 0, -3, -5, and -7 V,
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The ratio of the two photo-currents, lpot (4)/liop (4), yields monotonically increasing
function of the wavelength as shown in Fig. 5.15. This curve can be served to determine
color and intensity of the incident light at different bias voltages. However, this approach
of color detection suffers from wavelength resolution. Color determination with better
wavelength resolution is the ongoing algorithmic work while taking into account photo-
current noise fluctuation and gains at different applied bias voltages. This algorithm
adopts maximum likelihood estimator in order to estimate wavelength and intensity
parameters of the dual-junction CMOS APD. Color detection from a dual-junction
CMOS APD using the spectral sensing algorithm with ML estimator is shown in Fig. 16.
The values of wavelength and intensity for which joint pdf yields maxium value are the
estimated parameters. It has been shwon in Table 5.2 and 5.3 that estimated wavelengths
are the 10 nm spectral resolation while taking into account photocurrent noise

fluctuations in the spectral sensing algorithm.
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Figure 5.15: Photocurrent ratio as a function of wavelength at the bias voltages of 0, -3, -5, and -7 V,
respectively.
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Figure 5.16: Color detection from dual-junction CMOS APD using the spectral sensing algorithm with
maximum likelihood estimator.

Normalized joint pdf

A =454 nm
p=015nW

Table 5.2: Estimated wavelength (RMSE = AA = 4.83 nm) and optical input power

Case APD Noise level | True X True P Estimated Estimated
(A) (nm) (nW) A (nm) P (nW)

-11

1 | TOPAPD 6.76 x10 448 0.12 454 0.15
Bottom APD | 9.66 x10™*2
-11

, | TOPAPD 4.97 10 548 0.12 551 0.10
Bottom APD | 7.44 x10!
-11

3 | ToPAPD 3.11x10 636 0.12 631 0.14
Bottom APD | 9.93 x10!
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5.6 Wavelength Resolution
In order to determine wavelength resolution, noisy photocurrent signals are used in the
spectral sensing algorithm. The wavelength resolution is determined as described next.

The Gaussian noise is generated using MATLAB software tools with randn(n) function,

Gaussian noise: p =0 and of)ot =9.33x 1023

w

v E = E E E
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N
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Figure 5.17: Generation of random noise (Gaussian) using MATLAB software tools with variances of
4.57x10% and 9.33x10% for the top and bottom APDs, recpectively. This randomly generated noise is
added to the Semtaurus generated photocurrent signal for 448 nm wavelength.
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where n is the number of samples. The random noise generation is based on the zero
mean and total variances (thermal noise and shot noise). The choice of thermal noise
stems from the fact that the value of thermal noise variance is little bit higher than the
shot noise variance for the photocurrents associated with low bias voltages. The
amplitude of random-Gaussian-noise is added to the Sentaurus generated photocurrent
signals from the top and bottom APDs. Note that dual APD outputs two photocurrents
simultaneously, one for each junction, and each junction is controlled independently via a
bias voltage so that each photocurrent can exhibit its own avalanche amplification factors
and sensitivity. The noisy photocurrents for a pair of applied bias voltages are used in the
spectral sensing algorithm to estimate wavelength using ML estimator. The estimated
wavelength deviates from true value due to the noise variance in the photocurrent signals.
Therefore, an error is calculated between the estimated and actual wavelengths and
squared. The above process is repeated for each of the randomly added noise to the
photocurrent signals for different pair of applied bias voltages. For all the samples under
consideration, root mean-square-error (RMSE), AL, is calculated. AX is the performance
parameter which indicates accuracy of predicting wavelength by using the spectral
sensing model with ML estimator. The low value of AX indicates better prediction. The
error term, AA is important because predictions are expected to be very close to the true
values. The precision in A\ is obtained for the increased number of samples. To maintain
the stability of AL, 40 samples are taken into consideration.

The error calculation (AX) associated with wavelength estimation is summarized in Table
5.3. It has been shown that the value of AA decreases for high values of applied bias

voltages. Then the minimum errors of 4.38, 4.31, and 4.52 are obtained for a set of
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Table 5.3: Determination of wavelength resolution for the estimated wavelength
(true wavelength values: 448 nm, 548 nm, and 636 nm)

Top APD Bottom APD | A\ (nm) A\ (nm) A\ (nm)
bias voltage bias voltage For 448 nm for 548 nm | for 636 nm
2 1.8 12.13 11.32 12.56
2.9 2.4 10.19 9.84 11.02
3.4 3.0 8.95 8.86 9.77
4.1 4.6 8.13 7.98 8.25
5.7 4.9 7.67 7.45 7.84
6.5 54 6.08 6.18 6.27

6.8 5.9 5.45 5.52 5.39

7.1 6.7 5.12 4.92 5.19

7.3 6.9 4.83 4.76 4.79

7.4 7.0 4.67 4.59 4.63
7.6 7.2 4.38 4.31 4.52

7.8 7.5 4.43 4.47 4.64
7.9 7.8 4.58 4.63 4,71

8.1 8.0 4.67 4.74 4.89

8.3 8.2 4.95 5.09 5.04
8.5 8.3 5.62 5.89 5.74
8.7 8.5 7.50 7.68 7.83

8.9 8.7 9.04 8.92 10.04

optimal bias voltages of 7.6V and 7.2 V corresponding to the top and bottom APDs,
respectably. This indicates that we can estimate wavelength with a resolution of 10 nm in
the spectral range of 440 to 650 nm. The minimum value of AL is obtained due to the
increase in mean gain associated with the increased bias voltages. At this point, shot
noise is clearly dominant over thermal noise. However, A\ starts to increase for very high
applied bias voltages beyond the pair of optimum bias voltages (7.6 V and 7.2 V). This is
due to the fact that gain fluctuation, i.e., excess noise factor starts to play dominant role.
The increase in bias voltage beyond 7.6 V and 7.2 V shows clear degradation in AAL.

The optimal bias does not change with the estimated wavelength in the spectral range
from 440 to 650 nm. However, there is a little variation in AAX for the estimated
wavelengths corresponding to the true wavelengths of 448 nm, 548 nm, and 636 nm,

respectively. This is mainly due to randomly generated noise which is added to the

108



photocurrent signals. This covers robustness of the ML technique to the variation of

wavelength for a certain range from 440 nm to 650 nm.

5.7 Conclusion

Design and modeling of a dual-junction Si CMOS APD are presented. The calculated
results of reflection, transmission and absorption spectra, responsivity and quantum
efficiency are also reported. More specifically, a spectral sensing algorithm has been
developed to enable color (visible) and intensity selectivity by means of post-processing
using maximum likelihood estimation. The spectral resolution is within 10 nm for the
wavelength range from 440 nm to 650 nm while taking into account photocurrent noise
fluctuations. The reported device benefits from the high-speed sensing capability required
for the lighting enabled systems and applications including adaptive lighting and visible

light communication.

5.8 Future Work

The following research goals that we plan to focus in the near future: (1) Fabrication
dual-junction (blue and red enhancement) CMOS Si APD using 0.35-um AMS process;
(2) Measurements of quantum efficiency, spectral responsivity, avalanche breakdown
voltage, mean-gain and excess-noise factor for the fabricate APDs; (3) Use of the
developed spectral-sensing algorithm to determine color and intensity of the light by
means of post-processing; and (4) Test the devices for adaptive-lighting and VLC
systems.
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