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ABSTRACT 

In this thesis, an extensive investigation on a state-of-the-art photodetector, planar 

separate absorption, grading, charge, and multiplication (SAGCM) InPbGaAs avalanche 

photodiode (APD) with partial charge sheet in the device periphery is conducted. 

First, a simple, innovative, and non-destructive technique for extracting two criti- 

cal device parameters, multiplication layer thickness xd and integrated areal charge den- 

sity %barge, is invented. Both xd and ~~h~~~ are crucial for the SAGCM APDs to meet the 

design requirements, and both vary significantly over a wafer with available fabrication 

technology. The technique involves innovative uses of punchthrough and breakdown volt- 

ages obtained from DC photocurrent measurements. The systematic uncertainties, arising 

from the neglect of ionizations in the absorption and charge layers, and from different ion- 

ization rates in InP reported in the literature, are considered in detail. The random errors 

caused by uncertainties from experiments and other device parameters are also investi- 

gated. The combined error for xd is < S . 0 5  pm, and for oChwge is < +3%. The technique 

is verified by other independent measurements. 

Second, a general theoretical model for the temperature dependence of the break- 

down voltage Vbr in any type of InP-based APD is developed. The experimental results 

show that Vbr for the SAGCM InPhGaAs APDs is approximately a linear function of 

temperature from -40 "C to 110 "C, with a temperature coefficient qexp between 0.13 and 

0.16 VI0C. The physical model developed also predicts that Vbr indeed varies linearly 

with temperature, and the temperature coefficient qthe is 0.155 VI0C. In addition, the 

model successfully explains the small variation of qexp among the SAGCM APDs. Good 

agreement between the physical model predictions and published experimental results for 

InP-based APDs is also obtained. 



Thirdly, photogain (M) versus bias voltage (V) characteristics are studied both 

experimentally and theoretically. The photogain is shown to be self-calibrated, which 

makes it possible to compare theory and experiment in any InP-based APDs accurately for 

the first time. An empirical formula for Si and Ge APDs is proved appropriate for the InP/ 

InGaAs SAGCM APDs. The calculations of the M-V characteristics and its temperature 

dependence based on a physical model were in good agreement to the experimental 

results. 

Finally, dark current low frequency noise (LFN) is also investigated. It is found 

that the dark current multiplication shot noise is proportional to fl with y from 2.75 to 

2.95. Flicker noise is also observed in some of the SAGCM APDs and it is believed to be 

due to leakage currents from surfacelinterface imperfections/defects. 



DEDICATION 

To my dear wife Jing and my loving parents 



ACKNOWLEDGEMENTS 

It is a pleasure to express my deepest appreciation to my senior supervisor Prof. M. 

J. Deen for his encouragement, suggestion, patience, and constructive criticisms. He has 

gone extra miles to set up this very interesting and challenging project for me, and pro- 

vided invaluable advice and guidance throughout this research. 

I owe a special debt to Dr. L. E. Tarof of Bell-Northem Research (BNR), for pro- 

viding the devices, their detailed information, and numerous in-depth technical discus- 

sions. As a leading expert in this field, he shared with me many of his exciting ideas and 

deep understandings, which makes it possible for me to finish this thesis in less than 3 

years. Mr. J. Yu of BNR has also made many valuable contributions to this thesis, and is 

highly appreciated. 

I also would like to thank my co-senior supervisor Prof. R. H. S Hardy, who was 

instrumental in giving me this academic opportunity. His understanding, guidance, and 

encouragement are greatly acknowledged. 

I wish to thank other members of my supervisory committee Prof. S. Stapleton for 

guidance and encouragement, and for reviewing the manuscript carefully, and Prof. M. 

Thewalt for constructive questions and suggestions. I also wish to thank Prof. A. 

Parameswaran for being the internal examiner, Dr. M. Svilans of BNR for being the exter- 

nal examiner, and Prof. V. Cuperman for chairing my thesis examining committee. 
- 

Special thanks are due to Prof. C. Bolognesi and Mr. S. Whitemore for reviewing 

the manuscript carefully and making many valuable suggestions. Thanks are also due to 

my colleagues during this project, the other members of the Prof. M. J. Deen's research 

group - A. Raychaudhuri, Z. X. Yan, J. Chen, T. Hardy, E? Kolev, W. Kwan, J. Liang, M. 

Margarit, and X. J. Zhao for their valuable comments during our biweekly group meeting. 



I would like to thank BNR organization, and in particular the management - Drs. 

G. Chik and G. Ribakovs, for making it possible for me to conduct this project in collabo- 

ration with BNR. 

I am specially indebted to the help received from Mr. J. Yu, Mr. D. McGhan, and 

Ms. K. Fox during my 1993 summer visit to BNR. I also would like to thank other mem- 

bers of Advanced Technology Laboratory, specially to Mr. T. Baird, Mr. R. Bruce, Dr. D. 

G. Knight, and Dr. M. Gallant. 

Finally, I owe a debt of gratitude to my wife Jing for her patience and understand- 

ing. A mere "thank you" really cannot make up for the hardship she suffered during this 

period. 

The financial support from Centre of System Sciences (CSS) of SFU, Simon 

Fraser University, Natural Science and Engineering Research Council (NSERC) and 

Micronet is acknowledged. 

vii 



TABLE OF CONTENTS 

. . APPROVAL ....................... ,. ......................................................................................... 11 
... ..................................................................................................................... ABSTRACT m 

DEDICATION .................................................................................................................... v 

ACKNOWLEDGEMENTS ........................................................................................ vi 
... TABLE OF CONTENTS .............................................................................................. vm 
. . ........................................................................................................... LIST OF TABLES xu 
... ........................................................................................................ LIST OF FIGURES m i  

LIST OF ACRONYMS ............................................................................................. xvii 

LIST OF SYMBOLS ................................................................................................. xix 

Chapter 1 

1.1 

Introduction ................................................................................................... 1 

Optical fibre communications .............. .,. ............................................ 1 

1.1.1 General system ....................................................................................... 1 

1.1.2 System considerations ............................................................................ 4 

1.1.3 Historical perspective .............................................................................. 6 

.................. 1.1.4 Major advantages of fibres over metallic transmission media 8 

Optical receivers ............................................................................................. 9 

1.2.1 Design considerations ............................................................................... 9 

1.2.2 Components .......................................................................................... 9 

Motivation ..................................................................................................... 11 

Thesis outline ................................................................................................ 11 

................................................................................................. Chapter 2 Background 13 

2.1 Fundamentals of photodetectors ......................................................................... 13 

2.1.1 Photodetection ........................................................................................ 13 

2.1.2 Performance characteristics ..................................................................... 14 

2.1.3 Device requirements ............................................................................... 16 



2.2 Serniconduc tor photodetectors without internal gain ....................................... 17 

2.2.1 p-n photodiode ..................................................................................... 17 

2.2.2 p-i-n photodiode ................................................................................. 18 

2.2.3 Schottky-barrier photodiode ................................................................ 19 

2.2.4 Metal-semiconductor-metal photodetector .............................................. 20 

............................................ 2.3 Semiconductor photodetectors with internal gain 20 

.................................................................... 2.3.1 Photoconductive detector 2 0  

......................................................................................... 2.3.2 Phototransistor 21 

.......................................................................................... 2.4 Fundamentals of APD 22 

2.4.1 Avalanche multiplication ...................................................................... 23 

2.4.2 Rate equations and photogain ............................................................... 24 

2.4.3 Multiplication excess noise .............................................................. 2 7  

2.4.4 Bandwidth ............................................................................................... 28 

................................................................................ 2.4.5 Quantum efficiency 2 9  

2.4.6 Photocurrent ........................................................................................... 3 0  

........................................................................ 2.4.7 Dark current and its noise 30 

2.5 APD Evolution ...................................................................................................... 32 

2.5.1 Silicon APD .......................................................................................... 32 

.................................................................................... 2.5.2 Germanium APD 3 3  
...................................................... 2.5.3 SAM and SAGM InPbnGaAs APDs 34 

2.5.4 SAGCM InP/InGaAs APD ................................................................. 37 

2.5.5 Low noise and fast speed heterojunction APD ....................................... 40 

Chapter 3 Planar SAGCM InPlInGaAs APD ............................................................ 42 

............................................................................................ 3.1 Device structure 42 

................................................................................................... 3.2 Fabrication -45 

3.3 Calibration .................................................................................................... 47 

3.4 Devices investigated ..................................................................................... 49 

Chapter 4 Critical device parameters extraction ....................................................... 51 

4.1 Experimentalsetup ....................................................................................... 52 

..................................................................................... 4.2 Extraction technique 52 

ix 



4.3 Results and Discussions ................................................................................ 58 

................................................................................................ 4.4 Error analysis 61 

4.4.1 Ionization in the absorption layer .......................................................... 62 

4.4.2 Ionizations in the charge and grading layers ........................................ 66 

4.4.3 Non-zero doping concentration in the multiplication layer .................... 67 

................................................................................. 4.4.4 InP ionization rates 6 9  

..................................................................................... 4.4.5 Random errors 7 1  

........................................................................ 4.4.6 6-doped S A(G)CM APD 7 2  

4.5 Summary .................................................................................................... 73 

Chapter 5 Photogain ..................................................................................................... 75 

5.1 Introduction ............................................................................................... 75 

5.2 Empirical formula ......................................................................................... 79 

5.2.1 Theory ................................................................................................... 7 9  

........................................................................... 5.2.2 Results and discussions 80 

5.3 Physical model .............................................................................................. 85 

..................................................................................................... 5.3.1 Theory 85 

........................................................................... 5.3.2 Results and discussions 86 

....................................................................... 5.3.3 Improved physical model 8 9  

5.4 Summary ....................................................................................................... 94 

............ Chapter 6 Temperature dependence of breakdown voltage and photogain 95 

6.1 Theory ........................................................................................................... 95 

6.2 Experimental results ..................................................................................... 97 

................................................................................................... 6.3 Discussion 100 

6.4 InP-basedAPDs .......................................................................................... 105 

....................................................... 6.5 Temperature dependence of photogain 111 

6.6 Summary ..................................................................................................... 115 



Chapter 7 Dark current noise .................................................................................... 117 

........................................................... 7.1 Low frequency noise measurements 1 17 

............................................................................ 7.2 Multiplication shot noise 118 

7.3 Flicker noise ........................................................................................... 1 2 0  

Chapter 8 Conclusions and Recommendations ................................................... 123 

Appendix A Electric field in SAGCM APD .............................................................. 127 

................................................................. Appendix B Listings of mathematical files 131 

.................................................................................................................. References 1 4  1 



LIST OF TABLES 

Table 1.1 

Table 3.1 

Table 4.1 

Table 4.2 

Table 5.1 

Table 5.2 

Table 6.1 

Table 6.2 

Table 6.3 

Table 6.4 

Table 6.5 

Table 6.6 

Component parameters of optical fibre communications at 1.3 and 1.55 
pm. .............................................................................................................. .5 

The nominal device fabrication parameters for wafer P555 and P623. 
The thickness is in pm and the integrated areal charge density is in 1012 
~ m - ~ .  .......................................................................................................... 50 

The values of the device parameters used for modelling. The thickness 
is in pm, the doping concentration is in 1015 ~ m - ~ ,  and the integrated 

.......................................................... areal charge density is in 1012 cm". 59 
The random errors of the extracted x and $tive. The thickness is in 

dl 5 pm, the doping concentration is in 10 cm- , and the integrated areal 
.................................................................... charge density is in 1012 cmv2 72 

The fitted parameters for 8 APDs from wafer P623. All voltages are in 
volts. .......................................................................................................... 8 1 

The effects to the theoretical M-V characteristics due to the uncertain- 
ties of some device arameters. The thickness is in pm, the doping con- 

I? centration is in 10 and the integrated areal charge density is in 
12 10 ~ m - ~ .  .................................................................................................. 92 

Ei, Er and h at 300K for InP from references. Ero and lo are calculated 
from eqn. (6.2) except in Ref. [97], where they were determined by fit- 

.................................. ting experimental al and P1 at a few temperatures. 97 

The linearly fitted qeXp and Vbr(0) for the APDs, for all the tempera- 
tures (AVE), for between -40 to 0 OC (LT), and for between 50 to 105 

............................. OC (HT). qmp is in the unit of V/OC and Vbr(0) in V. 100 

The input parameters and the extracted device parameters for the 
SAGCM APDs. ....................................................................................... 100 

Ei, Er and h at 300K for InGaAs. Ero and ho are calculated from eqn. 

The experimental and theoretical parameters related to Vb,(T) for 
two p+-n InP diodes in the literature. The unit for Nm is 10 '~cm-~,  
tInp is pm, Vbr is V, 77 is VI0C, Fbr is VIpm, and aFhr/aT is V/pm•‹C. 

The experimental and theoretical parameters related to Vb,(T) for the 
three SAM InP/InGaAs diodes in the literature. The unit for Nw and 
NhGaAs is 10~%m-~ ,  t~ap is pm, Vbr is V, q is VI0C, Fbr is Vlpm, and 
aF,,/aT is V/pm•‹C. t h ~ a ~ ~  is not listed since it is irrelevant. ................ 108 

xii 



LIST OF FIGURES 

Figure 1.1 

Figure 1.2 

Figure 1.3 

Figure 2.1 

Figure 2.2 

Figure 2.3 

Figure 2.4 

Figure 2.5 

Figure 2.6 

Figure 2.7 

Figure 2.8 

Figure 2.9 

Figure 2.10 

Figure 2.11 

Figure 2.12 

Figure 2.13 

Figure 2.14 

Figure 2.15 

Figure 2.16 

Figure 2.17 

Figure 3.1 

Figure 3.2 

Figure 3.3 

Figure 3.4 

An optical fibre communication system ...................................................... 2 

Repeater spacing versus bit rate using distributed feedback lasers and 
regular monomode optical fibres . The solid lines are for 1.3 pm. and 
the dashed lines for 1.55 pm ........................................................................ 6 

Diagram of a digital optical receiver .......................................................... 10 

Internal photoemission . absorption .......................................................... 14 

p-n photodiodes .......................................................................................... 17 
A front-illuminated InGaAs homojunction p-i-n photodiode .................... 18 

Schottky-barrier photodiode ................................................................ 19 

MSM photodetector integrated with MESFET .......................................... 20 

n-p-n InGaAsiInP phototransistor .............................................................. 22 

....................................................................................... Impact ionization 23 

(a) Avalanche multiplication within a multiplication region. and gain 
along x direction for the case of (b) a>p or (c) a<P ................................ 26 

Excess noise factors for various values of ..... and M in the case of 
.................................................................................... pure hole injection 28 

Optical power attenuation in an absorption layer ...................................... 30 

A silicon reach-through avalanche photodiode ......................................... 33 

........................................................................ Germanium n+ . n . p APD 33 

(a) SAM and (b) InGaAs/InP APDs .......................................................... 36 

The band energy diagram of (a) compositional three-layer grading. 
and (b) variable-period superlattice ........................................................... 36 

A &doped SAGM InGaAs/InP APD ......................................................... 39 

Various contributions to the overall bandwidth of SAGCM InP/ 
InGaAs APDs . Both gain and bandwidth are in log scale ......................... 39 

(a) MQW and (b) staircase APDs energy band diagrams under bias- 
............................................................................................................. ing -41 

P+-n diode with guard ring ........................................................................ 43 

Planar SAGCM InP/InGaAs APD with a partial charge sheet in 
......................................................................................... device periphery 44  

(a) Low-high doping mesa structure in RTE . (b) Mesa structure with 
etch stop in WCE ....................................................................................... 46 

Measured (Hall measurement) doping profile for the charge sheet in 
... xlll 



the direction of MOCVD gas flow. ............................................................ 48 

Figure 3.5 A typical SIMS profile ............................................................................ ..49 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 4.4 

Figure 4.5 

Figure 4.6 

Figure 4.7 

Figure 4.8 

Figure 4.9 

Figure 4.10 

Figure 4.1 1 

Figure 4.12 

Figure 4.13 

Figure 5.1 

Photocurrent measurement setup. .............................................................. 53 

A typical (APD32, wafer P623) photocurrent versus bias voltage and its 
derived photogain. ..................................................................................... 53 

..................................... The electric fields in SAGCM InP/InGaAs APD. 56 

The experimental values of V,,,, and Vbp and the calculated V',,,, and 
Vdepleted across (a) P555 and (b) P623 wafers. ......................................... 58 

... The extracted values of xd and s,~.,, for wafer (a) P555 and (b) P623. 59 

The calculated Fb, and Fheter for wafer (a) P555 and (b) P623. ................ 61 

The experimental values for the ionization rates in InGaAs for (a) elec- 
trons, and (b) holes. The solid lines are from Pearsall, the dashed lines from 
Osaka. ....................................................................................................... -64 

The extracted values of (a) xd and (b) oac,ive for wafer P555 with the ion- 
ization in the absorption layer. The solid lines are extracted with the stan- 
dard technique. The dotted lines with solid squares are calculated with 
Pearsall's InGaAs ionization rates, and with open squares with Osaka's 
InGaAs ionization rates. ............................................................................ 65 

The extracted values of (a) xd and oa,ive, which are overlapping with the 
values extracted from the standard technique and, and (b) F'heter and Fend 
for wafer P623, including the ionization in the absorption layer. .............. 66 

The extracted values of xd and Gaaive (the dotted lines with open symbols) 
with the ionization in the charge layer for wafer (a) P555 and (b) P623. The 
solid lines with closed symbols are extracted from the standard technique. 

The extracted values of xd and oaaiVe (dotted lines with open symbols) 
with the non-zero doping in the multiplication layer for wafer (a) P555 and 
(b) P623. The solid lines with closed symbols are extracted from the stan- 
dard technique. .......................................................................................... 69 

The experimental values for the ionization rates in InP for (a) electrons, 
and (b) holes from the literature. ............................................................... 70 

The extracted values of xd and oa,ive for wafer (a) P555 and (b) 
P623 with the InP ionization rates from Umebu's (the dotted lines 
with open circles) and Cook's (the dotted lines with open squares). 
The solid lines with closed symbols are extracted from the standard 
technique. .................................................................................................. .7 1 

Empirical formula for M-V characteristics with different r. ...................... 80 

xiv 



Figure 5.2 A typical fitted M-V characteristics (APD32) to the Miller empirical 
formula for M>5 data. The solid and dashed lines are the fitted and 
experimental characteristics, respectively. (a) M-V. (b) (1- 1/M) - V. ....... 82 

Figure 5.3 

Figure 5.4 

Figure 5.5 

Figure 5.6 

Figure 5.7 

Figure 5.8 

Figure 5.9 

Figure 5.10 

Figure 6.1 

Figure 6.2 

Figure 6.3 

Figure 6.4 

Figure 6.5 

A fitted M-V characteristics (APDS) to the Miller empirical formula 
with unreasonable r (0.41). The solid and dashed lines are the fitted and 

. experimental characteristics, respectively. (a) M-V. (b) (1- 1/M) V. ........ 82 

Empirical relation between r and Vb, The symbols are from the 
APDs, and the solid line is eqn. (5.3). ....................................................... 83 

The re-calculated M-V characteristics with Miller empirical formula, 
using r obtained from r -Vbr empirical relation (eqn. (5.3)). (a) 
APD37, r=0.857. (b) APD34, r=1.349. ...................................................... 84 

Physical modelling of M-V characteristics (solid lines). The dashed 
lines are experimental data. (a) Good match. (APD32) (b) Fair 
match. (APD34). ........................................................................................ 87 

The electric field Fm versus the bias voltage V for APD32. ................... 88 

The theoretical M-V characteristics for APD32 calculated with Osa- 
ka's InP ionization rates (solid line), with Umebu's (dotted line), and 
with Cook's (dashed line). ......................................................................... 91 

A typical almost perfect matched M-V characteristics. The solid and 
dashed lines are the theoretical and experimental M-V characteris- 
tics, respectively. (a) APD32 with tundoped - - 3.4pm, and (b) APD34 

.................................................................................. with tundoped = 2.9pm. 92 

The theoretical M-V characteristics (solid lines) with new default 
value tu,op,, = 3.2pm . The dashed lines are experimental data. (a) 
APD32. (b) APD34. ................................................................................... 93 

Typical (APD32) dark currents versus bias voltages for different tem- 
peratures. The breakdown voltage is defined as the voltage at which 
the dark current is 10 PA. .......................................................................... 98 

The Vbr as function of temperature from -40 O C  to 110 "C for three 
APDs. The symbols are experimental data, and the solid lines are lin- 
ear fits. ....................................................................................................... 99 

The theoretical Vbr(T) (solid lines) calculated with a1 and P1 from 
Refs. (a) [95], (b) [96], (c) [97], and (d) [98]. The symbols are exper- 
imental data. ........................................................................................ 1 0 2  

The theoretical Fb,(T) for APD32 calculated with a1 and P1 from 
- 9  Taguch s. ............................................................................................. 1 0 3  

The theoretical Vbr (T) with (solid line) or without (dashed line) the 
ionization in the InGaAs absorption layer for APD34. ........................... 105 



Figure 6.6 

Figure 6.7 

Figure 6.8 

Figure 6.9 

Figure 6.10 

Figure 6.11 

Figure 7.1 

Figure 7.2 

Figure 7.3 

Figure 7.4 

The theoretical Vbr(T) and Fb,(T) (solid lines) for p+-n InP diode 
sample B. The dotted line is the experimental data. ................................ 107 

Summarized experimental results for all the InP- based APDs. They 
are also tabulated. ................................................................................. 109 

Theoretical results for long InP p+-n APDs with different NInP They 
are also tabulated. .................................................................................... 110 

Typical (APD32) experimental photogains versus bias voltages for 
different temperatures. ........................................................................... 1 12 

Normalized experimental (solid lines) and theoretical (dashed lines) 
M-V characteristics for different temperatures (APD32). (a) 

- 3.2prn. (b) tundope, = 3.8pm. ......................................................... 113 'undoped - 
Comparison of InP ionizations rates (solid lines). Taguchi's ioniza- 
tion rates are calculated at 20 OC, and the dashed lines are the experi- 
mental room temperature InP ionization rates reported in the same 
publication. ............................................................................................. .I14 

................... APD dark current low frequency noise measurement setup. 117 

The multiplication shot noises versus (a) the dark currents, and (b) 
the multiplication gains M for APD32 and APD14. The noises are 
proportional to fl with y 2.75M.05 and 2.95M. 10 for APD32 and 
APD 14, respectively. ........................................................................... 1 1 9 

A typical (APD37, &=%A) flicker noise spectra. The solid line is fit- 
-22 2 ........................ tedtoeqn.(7.1)witha = 1.0andb = 1 . 5 ~ 1 0  A 120 

The flicker noises at lOHz versus (a) the dark currents, and (b) the 
multiplication gains for APD34 and APD37. The solid line is from 
eqn. (7.2). ............................................................................................... 121 

xvi 



LIST OF ACRONYMS 

AGC 

APD 

BER 

C-v 

DD 

EDFA 

El0 

GBW 

GR 

HBT 

HEMT 

IM 

IR 

LED 

LFN 

MESFET 

MOCVD 

MQW 
MSM 

NRZ 

o/E 
OEIC 

PIN 

PLEG 

PMMA 

PMT 

RF 

RIE 

SAM 

SAGCM 

automatic gain control 

avalanche photodiode 

bit-error rate 

capacitance-voltage 

direct detection 

Eribium-doped fibre amplifier 

electrical to optical 

gain-bandwidth product 

generation-recombination 

heterojunction bipolar transistor 

high electron mobulity transistor 

intensity modulation 

infrared 

light emitting diode 

low frequency noise 

metal-semiconductor field field transistor 

metal-organic chemical vapor deposition 

multiquantum well 

metal-semiconductor-metal 

non-returned to zero 

optical to electrical 

optoelectronic integrated circuit 

p-i-n photodiode 

preferential lateral extended guard 

polyrnethyl-methacrylate 

photomultiplier tube 

radio frequency 

reactive ion etching 

separate absorption and multiplication 

separate absorption, grading, charge, and multiplication 

xvii 



SAGM separate absorption, grading, and multiplication 

SlMS secondary ion mass spectroscopy 

SL superlattice 

SNR signal to noise ratio 

WCE wet chemical etching 



LIST OF SYMBOLS 

bit rate 

chromatic dispersion of optical fibre 

material dispersion parameter 

electron diffusion coefficient 

hole diffusion coefficient 

bandgap energy 

threshold energy for impact ionization 

threshold energy for impact ionization at 0 kelvin 

average optical phonon energy 

optical phonon energy at 0 kelvin 

excess noise factor (Chap. 2) 

electric field 

electric field in the multiplication layer at breakdown 

electric field at the interface between the buffer and substrate layers at 
breakdown 

electric field at the heterointerface between the grading and boost layers at 
breakdown 

electric field at the heterointerface between the boost and absorption layers 
at breakdown 

excess noise factor in the case of pure electron injection 

excess noise factor in the case of pure hole injection 

dark current 

diffusion dark current 

primary dark current 

un-multiplied leakage dark current 

GR dark current 

photocurrent 

xix 



primary photocurrent 

electron current density 

hole current density 

k-factor in the excess noise formula 

k-factor in the excess noise formula in the case of electron injection 

k-factor in the excess noise formula in the case of hole injection 

repeater spacing 

multiplication (gain, photogain) 

average multiplication 

multiplication in case of pure electron injection 

multiplication in case of pure hole injection 

refi-ac tion index 

intrinsic carrier density in semiconductor 

doping concentration in the absorption and multiplication layers 

doping concentration in the grading layer 

doping concentration in the boost layer 

average receiving power of an optical receiver for a certain BER 

average transmitting power of an optical transmitter 

power coefficient in the Miller formula 

responsivity 

noise power in A~/HZ 



Yactive 

thickness of the absorption layer 

thickness of the grading layer 

thickness of the boost layer 

thickness of the charge layer 

etching depth in the periphery region 

thickness of the unintentionally doped layers (the buffer and absorption 
layers) 

temperature 

bias voltage 

bias voltage at which the electric field starts to penetrate the boost layer in 
the periphery region 

theoretical breakdown voltage 

build-in voltage 

experimental breakdown voltage 

bias voltage at which the buffer layer is completely depleted 

bias voltage at which the multiplication is M 

bias voltage at which the electric field starts to penetrate the boost layer in 
the central active region 

bias voltage at which the electric field starts to penetrate the absorption 
layer in the central active region 

p+ diffusion depth 

thickness of the multiplication layer 

the diameter of the active region in our APDs 



impact ionization for electrons 

impact ionization for electrons in InP 

impact ionization for electrons in InGaAs 

impact ionization for holes 

impact ionization for holes in InP 

impact ionization for holes in InGaAs 

attenuation coefficient in decibels in optical fibre 

power coefficient in the multiplication noise formula (Chap. 7) 

optical wavelength (Chaps. 1 & 2) 

carrier free path (Okuto-Crowell theory) 

optical long cut-off wavelength 

rms spectral width of an optical pulse 

rms spectral width of an optical source 

quantum efficiency 

experimental absolute temperature coefficient of breakdown voltage 

theoretical absolute temperature coefficient of breakdown voltage 

integrated areal charge density in the charge, grading and boost layers in 
the active region 

integrated areal charge density in the charge, grading and boost layers in 
the periphery region 

integrated areal charge density in the charge layer 

integrated areal charge density in the grading layer 

integrated areal charge density in the boost layer 

carrier transit time 

electron lifetime in p-type semiconductor 

electron lifetime in n-type semiconductor 

relative temperature coefficient of breakdown voltage 



Chapter 1 Introduction 

In this thesis, I describe extensive characterization and modeling of a specific type of 

state-of-the-art InGaAs/InP avalanche photodiode (APD), utilized in current and future 

multigigabit optical fibre fiber communication systems. In this chapter, a short introduc- 

tion to optical fibre communications [1][2][3] is given by considering the general system 

architecture, the major advantages over other technologies, and the historical develop- 

ments of the technology. The general design requirements for optical receivers are dis- 

cussed. Finally, the motivations of this investigation and the outline of this thesis are 

presented. 

1.1 Optical fibre communications 

1.1.1 General system 

An optical fibre communication system as shown in Figure 1.1 is similar in its basic 

concept to any type of communication systems (i.e., its purpose is to convey the signal 

from the information source to the destination). In an optical fibre communication system, 

the information signal is converted from electrical form to optical form (EIO) by modulat- 

ing an optical carrier of an optical source, such as laser or light emitting diode (LED). 

Then the signal is transmitted through an optical fibre that can be as long as few hundred 

kilometers; finally it is converted back into electrical form (OE)  by an optical receiver. 

In an electrical communication system, the optical transmitter and receiver in the 

optical fibre communication system are replaced with an electrical transmitter (modulator) 

and receiver (demodulator), respectively. The modulator converts the information signal 

into a form of propagation suitable to the transmission medium, such as a pair of wires, 



coaxial cable, or RF/microwave link. The demodulator transforms the modulated signal 

into the original information signal. 
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signal processing processing 
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Figure 1.1 An optical fibre communication system. 

Optical fibre communications use the superb advantages of optical fibre, mainly low 

attenuation and huge bandwidth. The optical fibre is made of silica glass with the optical 

refractive index being slightly lower in cladding than in core, resulting in light propaga- 

tion in the core through total internal reflection. Generally speaking, an optical fibre can 

support many propagation modes. With reduced core diameter and other optimizations, 

monomode fibres, which have better characteristics than multimode fibres, can be fabri- 

cated, and they are the most popular fibres for long-haul optical fibre communications. In 

monomode optical fibres, the dominant mechanism of attenuation is impurity scattering 

within the 1.0 - 1.6 pm wavelength range. With advancements in impurity control of opti- 

cal fibres, today's commercial monomode optical fibres have almost achieved the theoret- 

ical attenuation limit of - 0.16 dB/krn at 1.55 pm. Optical fibre communications benefit 

from an inherently huge bandwidth since the frequencies of the optical carriers are in the 

order of 1014 Hz. Since the wavelengths for zero dispersion and lowest attenuation in reg- 



ular (standard) optical fibers are 1.3 pm and 1.55 pm respectively, then most optical fiber 

communication systems operate at either of these two wavelengths. 

Optical fibre communication may be either analog or digital (binary), as in the case of 

electrical communication. Analog optical fiber communication is limited to applications 

of short distance and lower bandwidth, such as cable TV. Compared to digital optical fiber 

communication, analog optical fiber communication is less efficient; that is, a far higher 

signal to noise ratio (SNR) is required and thus is'difficult to achieve due to the inherent 

quantum noise associated with photon statistics. For example, the required SNR for cable 

TV is 40 dB. In addition, the linearity required for analog modulation is not readily pro- 

vided by semiconductor optical sources, especially at higher frequencies. The unavoidably 

high quantum noise and vast wide bandwidth available in fibre optics make the digital for- 

mat a natural choice. Historically, the installation of optical fibres followed the process of 

digitizing telephone systems. 

Optical carrier modulation is in the form of intensity modulation (IM), in which the 

intensity of the optical carrier is modulated by the power of the information signal pulse, 

and accordingly, optical detection is in the form of direct detection @D). The more sensi- 

tive method of coherent modulation and detection still faces some technical difficulties, 

and at present it is not economical. In this thesis, unless otherwise specifkd, a digital, IM/ 

DD, and long haul (with repeater spacing up to 100 km) optical fibre communication sys- 

tem is assumed. 

1.1.2 System considerations 

In long-haul digital optical fibre communication systems, repeaters are used along the 

communication route to regenerate optical pulses in order to extend the communication 

distance. Similar to digital electrical communications, the major system considerations for 



optical fibre communications are bit rate B and repeater spacing L. Depending on the 

operating wavelengths (0.85, 1.3 or 1.55 pm), B and L are limited either by attenuation or 

dispersion. 

An optical pulse propagating in an optical fibre loses power because of attenuation. 

Optical output power Po,, from a fibre of length L (krn) can be related to input power Pi, 

by 

where q~ is the attenuation coefficient in decibels (dB/km). Considering an optical trans- 

mitter with maximum average power Ft, (mW) and an optical receiver with sensitivity Fre, 

(mW), which is proportional to B, the maximum repeater distance L limited by attenuation 

is given by 
- 

An optical pulse, which is unavoidably chromatic, also spreads out in transmission 

since the spectral power of the optical pulse associated with different wavelengths travels 

with different speeds (medium dispersion). In regular monomode optical fibres, one of the 

dominant dispersion mechanisms is material dispersion caused by the variation of refrac- 

tive index n with wavelength h, and this is quantified by the material dispersion parameter 

dZP where c is the speed of light. Another dispersion mechanism is waveguide dis- 
Dm = ;Iaa' 

. . 

persion caused by the propagation of a significant fraction of the optical power in the clad- 

ding. The combination of these two dispersions is called chromatic dispersion D,. For an 

optical source with root mean square (rms) spectral width 01, the rms pulse broadening o 

after transmitting a distance L is given by 

0 = bxLDc. (1.3) 

The maximum bit rate B due to chromatic dispersion can be estimated from B = 1/40, 



therefore the repeater distance L is limited by dispersion, and it is given by 

It is obvious that the bit-rateedistance product, BeL, is independent of both B and L. 

If OA is SO small that the limiting rms spectral width is due to finite time duration of 

the optical pulse, then the minimum value of o is given by [3] 

Therefore 

and in this case B ~ * L  rather than BeL is independent of both B and L. 

Table 1.1 Component parameters of optical fibre cornrnunications at 1.3 and 1.55 pm. 

11 5 (pm) I ad. (d Blkm) I D, (pslnm-km) I Ftr (dBm) I a, (dBmla 1 q (nm) 11 

a. At 1 Gbls. 
b. External modulated. 

Using typical values of previously described parameters in Table 1.1, and eqn. (1.2), 

eqn. (1.4) or eqn. (1.6), the attenuation limits and dispersion limits on the repeater spacing 

L as a function of the bit rate B for regular monomode optical fibres at 1.3 and 1.55 pm 

wavelength are displayed in Figure 1.2. The attenuation and dispersion are limiting factors 

at bit rates lower and higher than 5 Gbls, respectively. If the laser is directly modulated at 

1.55 pm, D, will be ten times larger than when it is externally modulated, and the attenua- 

tion would be the limiting factor even at 0.5 Gbls. Note that the above calculations are 

estimates only, and power budget and rise time analysis are required for detailed system 

design. 
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Blt rate (Gb/s) 

Figure 1.2 Repeater spacing versus bit rate using distributed feedback lasers and regular 

monomode optical fibres. The solid lines are for 1.3pm, and the dashed lines 

for 1.55 pm. 

1.1.3 Historical perspective 

Kao and Hockham [4] in 1966 may be credited for having laid the foundation for 

modern optical fibre communications even though the attenuation of optical fibres was 

1000 d B h  at visible wavelengths at that time. The attenuation was successfully reduced 

to 20 dB/km by 1970, and to 2 dB/km by 1975 for visible wavelengths (0.85 pm). By the 

mid-1980s, optical fibres having attenuation less than 0.4 dB/km at 1.3 pm and less than 

0.25 d B h  at 1.55 pm were commercially available. These three wavelengths (0.85, 1.3 

and 1.55 pm) with lower attenuation are so-called first, second, and third transmission 

windows, and they were used by first, second, and third generations of optical fibre com- 

munication systems, respectively. 

The first generation optical fiber systems used multimode fibres with core diameter of 

50 pm, GaAlAs-GaAs lasers as sources operating at 0.85 pm and Si APDs as detectors. 



Such systems have been installed since 1980, but were obsolete by the mid-1980s. The bit 

rate used was up to 150 Mbls with the repeater spacing up to 10 km. 

The second and third generation systems used monomode fibres, InGaAsP-based 

lasers as sources operating at 1.3 pm or 1.55 pm, respectively, and InGaAs1In.P PINS or 

APDs as detectors. Such systems have been used exclusively since 1985 in all high capac- 

ity, long-haul, trunk route over-continental and underwater communication systems. The 

bit rate is up to 2.5 Gbls with the repeater spacing up to 80 km. 

A fibre amplifier uses rare-earth ions to dope the fibre core as gain medium. Erbium- 

doped fibre amplifiers (EDFAs) with high gain and low noise at 1.55 pm were demon- 

strated in 1987 [5][6]. This development has revolutionized the field of optical fibre com- 

munications. The attenuation at 1.55 pm is not a serious design problem where EDFAs are 

utilized, even for underwater multigigabit communication systems, and the repeater spac- 

ing is dispersion-limited. One expensive option for reducing dispersion at 1.55 pm, is to 

use dispersion shifted fibre (DSF), which has both minimum dispersion and minimum 

attenuation at 1.55 pm. Unfortunately, reliable fibre amplifiers with high gain and low 

noise operating at 1.3 pm remain to be demonstrated. 

1.1.4 Major advantages of fibres over metallic transmission media 

Here, the major advantages of optical fibres over metallic media are briefly discussed. 

1. Huge bandwidth and low attenuation 

Light is a much higher frequency electromagnetic wave (lo5 GHz) than RF/ 

Microwave (up to 10 GHz in coaxial cables). The attenuation is 10 to 20 dB 

lower than the popular RG-19/U coaxial cable at 500 MHz. It is easy to transmit 

over 100 lan at 5 GHz, or over 300 km at 500 MHz in optical fibres without 

repeaters. By comparison, broadband coaxial cable systems restrict the trans- 
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mission distance without repeaters to only a few kilometers at a few hundreds 

of MHz. 

2. Small size and weight 

Common optical fibre cables have cladding diameters of 125 pm (fibre core 

diameter from 10 pm to 100 pm) enclosed in a sheath with outer diameter of 

2.5 mm, and the weight is 6 kglkrn. By comparison, the RG-19/U coaxial cables 

have outer diameter 28.4 mm, and the weight is 11 10 kglkrn. Furthermore, the 

transmission capacity of the fibre cables is at least 100 times that of the coaxial 

cables. 

3. Immunity to interference and crosstalk 

Optical fibres are dielectric waveguides and are therefore free from electromag- 

netic interferences. Since they have extremely small optical leakages, crosstaJk 

between fibres is negligible even when many fibres are cabled together. The 

immunity to interference and crosstalk represents a major design advantage for 

optical fibre communication systems. 

Additional advantages are electrical isolation, signal security, ruggedness and flexi- 

bility, reliability, and potential low cost. Optical fibre systems have totally dominated 

long-haul telecommunications since the early 1980s. Shorter distance communication sys- 

tems are being gradually replaced by optical fibres. 

The major disadvantages of optical fibre communication should also be mentioned. 

Due to the difficulty and cost of splicing fibres, and the high cost of O/E and El0  conver- 

sions, it is presently not economically viable to build local area networks and short dis- 

tance communication systems with optical fibres. Because of the higher photon quantum 



noise and non-linearity of optical sources, the applications of optical fibres in analog sys- 

tems are limited at present. 

1.2 Optical receivers 

1.2.1 Design considerations 

The most important design considerations for a receiver in (electrical or optical) digi- 

tal communications are sensitivity and bandwidth. The sensitivity is conventionally 

defined as the minimum average received power Fre, required by the receiver to operate at 

a BER of lo-', where BER (bit-emor rate) is defined as the probability of incorrect identi- 

fication of a bit. 

1.2.2 Components 

A digital optical receiver consists of three sections as shown in Figure 1.3. The front 

end section, which is the critical part of the three sections, includes a photodetector, fol- 

lowed by a preamplifier. The photodetector converts the optical bit stream into an electri- 

cal bit stream. A photodetector with internal gain is beneficial in increasing the overall 

sensitivity of the optical receiver. A transimpedance amplifier is the best choice for the 

preamplifier since the transimpedance amplifier can provide both high gain and high 

bandwidth, and in this case, the stability of feedback loop at higher gains is the major 

design challenge. In contrast, the design of preamplifier using a voltage amplifier forces a 

trade-off between bandwidth and gain, and is therefore less attractive. 

The linear channel section consists of a high gain main amplifier and a low pass filter. 

The main amplifier includes automatic gain control (AGC), which limits its average out- 

put power to a fixed level regardless of the optical input power at the photodetector. The 



low pass filter shapes the electrical pulses to reduce noise and intersymbol interference 

(ISI). 

Front end 

I Photodetector I 

Linear channel 

Filter 

Data recovery 

Data , 

Figure 1.3 Diagram of a digital optical receiver. 

The data recovery section is made up of a decision circuit and a clock recovery cir- 

- Decision 
circuit 

cuit. The decision circuit compares the output from the linear channel to a threshold level 

at sampling times determined by the extracted clock, and decides if the signal correspond 

to bit "1" or "0". 

+ 

1.3 Motivation 

i 

Clock 
recovery 

Long-haul optical fibre communication systems necessitate high-performance optical 

receivers. One of the most critical components in the receiver is a high-performance pho- 

todetector. In this thesis, an extensive investigation is presented on such a state-of-the-art 

high performance photodetector, planar separate absorption, grading, charge, and multipli- 

cation (SAGCM) InP/InGaAs avalanche photodiode (APD), utilized in today and the near 

future commercial 1.3 or 1.55 pm optical fibre communication systems. In this thesis, 

comprehensive characterization and modelling, particularly DC and noise characteristics 



and their temperature dependence, which have never been done before, are important parts 

of overall efforts to design, fabricate, characterize, model, and test the devices. The 

knowledge discovered here can also be used for other devices. 

1.4 Thesis outline 

In chapter 2, a review of the fundamentals of photodetectors is presented, including 

different types of photodetectors and the reasons why APD was selected. The fundarnen- 

tals of APD are reviewed, followed by a brief account of its historical development. This 

leads to a discussion of the reasons why SAGCM InPDnGaAs APDs are the best choice as 

the photodetector in the intended optical fibre communication systems. In chapter 3, spe- 

cific details of the devices are presented, including their structure, fabrication, and calibra- 

tion. 

In chapter 4, a simple, innovative, and non-destructive technique for extracting of two 

critical device parameters, multiplication layer thickness xd and integrated areal charge 

density ccharge in the charge layer, is described. The systematic uncertainties, arising from 

the neglect of ionizations in the absorption and charge layers, and from different ionization 

rates in InP reported in the literature, are considered in detail. The random errors caused 

by uncertainties from experiments and other device parameters are also investigated. 

In chapter 5, the photogain (M) versus bias voltage (V) characteristic is studied both 

experimentally and theoretically. An empirical formula for Si and Ge is tested on the 

SAGCM InP/InGaAs APDs. A physics-based model is developed to theoretically calcu- 

late the M-V characteristics at room temperature for all the SAGCM InP/InGaAs APDs 

with different device parameters. 



In chapter 6, a general theoretical model for the temperature dependence of break- 

down voltage Vbr in any type of InP-based APD (including the SAGCM InP/InGaAs 

APDs) is developed. The temperature dependence of breakdown voltage Vbr from -40 "C 

to 110 "C in the SAGCM InP/InGaAs APDs with a range of device parameters is investi- 

gated. The temperature dependence of the M-V characteristics is also discussed. 

In chapter 7, low frequency noise (LFN) in dark currents are also investigated experi- 

mentally. The dark current multiplication shot noise is determined experimentally as a 

function of dark current and multiplication gain M in a few SAGCM InP/InGaAs A D S .  

Flicker noise is also observed in some SAGCM InP/InGaAs APDs, and it can be related to 

surface/interface irnperfections/defects. 

A concise description of the specific achievements and accomplishments are sumrna- 

rized in chapter 8 of this thesis. 



Chapter 2 Background 

In this chapter, different types of photodetectors and their general operating principles 

are first briefly reviewed. This review highlights the reasons why APDs are a good choice 

for optical fibre communications. A detailed review of operating principles, structures, 

and calculations of major performance characteristics of general APDs follows. The chap- 

ter concludes with a brief description of the historical evolution of APDs, and the reasons 

why a specific structure APD, separate absorption, grading, charge, and multiplication 

(SAGCM) InPhGaAs APD, is required for optical fibre communications. 

2.1 Fundamentals of photodetectors 

The most popular photodetectors, except avalanche photodiode (APD), are discussed 

in detail in the next three sections. Excellent general discussions of photodetectors can be 

found in many references, for examples, [1][7]. The comparisons of photodetectors for 

optical fibre communications are discussed in the references [8][9] [lo]. 

2.1.1 Photodetection 

There are two distinct photodetection mechanisms. The first mechanism is external 

photoemission effect, typified by the photomultiplier tube (PMT). When the primary pho- 

tocathode of a PMT is bombarded by photons, electrons are emitted if the energy of the 

incoming photons is larger than the work function of the photocathode. The emitted elec- 

trons are accelerated towards secondary electrodes (dynodes), where more electrons can 

be emitted by the impact from each incoming electron. This process is repeated for many 

stages, resulting in gains as high as lo6. The PMT is not suitable for optical fibre commu- 

nications because it is incompatible with microelectronic monolithic integration in these 
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systems, and there are no photocathode metals with a suitable work function for 1.3 - 1.6 

pm wavelength light. 

Electron 
Photon 

0 Hole 

Figure 2.1 Internal photoemission - absorption. 

The second mechanism is the internal photoemission effect (absorption) as shown in 

Figure 2.1. A photon with energy equal or larger than the bandgap energy of the sernicon- 

ductor Eg can excite an electron and hole pair. Photodetectors based on internal photoe- 

mission effect are named solid state detectors since they are made of solid state materials, 

predominantly semiconductors. With good performance characteristics as well as sirnplic- 

ity, small size, ruggedness, compatibility to integration, semiconductor photodetectors are 

undoubtedly better choices than PMT or any other phototubes for visible and near infrared 

(IR) optical fibre communications. Semiconductor photodetectors can be classified further 

according to one of the following criteria: semiconductor material, device structure, and 

internal gain. 

2.1.2 Performance characteristics 

The major performance characteristics appropriate for all pha 

lowing. 

Quantum efficiency and responsivity. 

:tectors are the fol- 

The quantum efficiency q is defined as the ratio of the number of collected 

electron hole pairs (without gain) over the number of incident photons, and is 



always less than 100%. q is determined by the absorption coefficient a ,  the sur- 

face reflection coefficient, and any other carrier recombination mechanisms 

occurring before collection. In common with a ,  q is a function of the photon 

wavelength. 

A related but more often used figure of merit is responsivity A?. It is defined as 

the ratio of generated photocurrent, Ip, (without internal gain) over incident 

optical power, Po, and it can be related to q using 

7741 s = P = -  
Po hc * 

where q is the electron charge. 

Bandwidth. 

Electrical bandwidth is defined as the frequency of electrical signal at which the 

power of the electrical signal is 3 dB lower than its DC power. 

Gain. 

Gain is defined as the internal gain of the photodetector (i-e., the ratio of num- 

ber of collected electron-hole pairs to the number of primary photogenerated 

pairs). Another popular name is multiplication gain (photogain), and they are 

used interchangeably in this thesis. 

Noise. 

Noise is defined as the fluctuation of the generated electrical signal and is 

described with corresponding rms values of current or voltage. 

Long cutoff wavelength. 

The photon energy with wavelength, h, must be larger than the bandgap energy, 

Eg, (direct bandgap), that is, h c / h  2 E,. Thus the long cutoff wavelength, A,, is 



2.1.3 Device requirements 

Being one of the crucial components which dictates the overall system performance 

in optical fibre communication systems, photodetectors must satisfy very stringent 

requirements for performance, compatibility, cost, and reliability. 

High sensitivity. 

The photodetectors are designed to detect weak optical signals of a specific 

wavelength. This demands high responsivity (quantum efficiency), low internal 

noise, and high multiplication gain (if applicable). 

Fast speed. 

The time delay in the conversion from electrical to optical forms should be rnin- 

h u m .  In frequency domain, it means the electrical bandwidth should be ade- 

quate for the operating bit rate. 

High reliability and stability. 

The photodetector must maintain designed performance characteristics for 

many years in sometimes demanding environment. This requires better design 

and stringent fabrication quality for eliminating potential sources of degrada- 

tion. 

Low cost. 

This normally means high yield in fabrication. 

High fidelity and dynamic range. 

For analog transmission, the photodetectors should be able to reproduce faith- 

fully the received optical waveform over a wide range of optical power. This is 

not critical in digital applications. 

A suitable photodetector must satisfy these requirements. Various type of photodetec- 

tors are examined in the following sections in order to select a suitable one. 
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2.2 Semiconductor photodetectors without internal gain 

2.2.1 p-n photodiode 

A p-n photodiode normally operates under reverse bias, and both the depletion and 

diffusion regions may absorb photons, which generate electron-hole pairs in proportion to 

the optical power, as shown in Figure 2.2. In the depletion region, the pairs are separated 

and drifted by the electric field. In the diffusion region, the pairs within a few diffusion 

lengths may slowly diffuse to the depletion region, and eventually generate some terminal 

current. The other pairs in the diffusion region recombine and generate no terminal cur- 

rent. Therefore, the depletion region should be wide enough to achieve high quantum effi- 

ciency. This also makes the p-n capacitance smaller to meet the high bandwidth 

requirement However, the depletion region cannot be too wide since it would increase the 

drift time of the carriers through the depletion region, which results in reduced bandwidth. 

This exemplifies the compromise between quantum efficiency (gain) and speed (band- 

width) in all photodetectors. 

Optical Power 
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Figure 2.2 p-n photodiodes. 



2.2.2 p-i-n photodiode 

p-i-n photodiodes (PINS) as shown in Figure 2.3 have superseded p-n photodiodes, 

and are the most popular photodetectors without internal gain in optical fibre comunica- 

tions. p-i-n photodiodes are better than p-n photodiodes since they can be easily tailored 

for optimum quantum efficiency and bandwidth, and are relatively easy to fabricate, 

highly reliable, and of low noise. InGaAs/TnP p-i-n photodiodes are most widely used, and 

have gained even more popularity after the breakthrough of the EDFAs. 

n intrinsic 1 InGaAs \ 
absorption 

I I ~ P  buffer I 
InP substract 

Back contact 

Figure 2.3 A front-illuminated InGaAs homojunction p-i-n photodiode. 

Since all the generated carriers are in the depletion region (i region), the collection 

process is fast and efficient Therefore, the intrinsic bandwidth is very high, and the over- 

all bandwidth is usually limited by extrinsic effects up to a few tens of GHz. The p+ 

InGaAs layer in homojunction p-i-n photodiodes, as shown in Figure 2.3, has to be thin to 

allow light to penetrate without severe loss. However, in this case, the strong surface 

recombinations impair the quantum efficiency. One solution is to open an optical window 

at the bottom of the substrate, and the p-i-n photodiode is back-illuminated rather than 

front-illuminated in this case (heterojunction), since InP is transparent to light with its 



wavelength longer than 0.92 pm. Another solution is to replace the thin p+ InGaAs layer 

with a thick p+ InP layer (double heterojunction). Heterojunction p-i-n photodiodes with 

up to 30 GHz bandwidth and about 70% quantum efficiency are fabricated commercially. 

2.2.3 Schottky-barrier photodiode 

A Schottky-barrier photodiode as shown in Figure 2.4 is made of metal-serniconduc- 

tor rectifying junction rather than the p-n junction in the case of p-n and p-i-n photodiodes. 

The Schottky-barrier photodiodes inherently have a very narrow active region, and are 

particularly useful in the visible and ultraviolet wavelengths due to their large absorption 

coefficients. Because of the short transit time, Schottky-barrier photodiodes can operate at 

frequencies as high as 100 GHz. One technical challenge is how to avoid surface traps and 

recombination centers, which cause substantial loss of generated carriers at the surface. In 

addition, the quantum efficiency is low, and there are no suitable metals for fabricating 

Schottky-barrier photodiodes operating in near infrared wavelengths. Therefore Schottky- 

barrier photodiodes are not suitable for optical fibre communications for wavelengths of 

current interest. 
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Figure 2.4 Schottky-barrier photodiode. 



2.2.4 Metal-semiconductor-metal photodetector 

A metal-semiconductor-metal (MSM) photodetector is a variation of Schottky-barrier 

photodiode (i.e., two Schottky contacts are made at the same side of the substrate). This 

results in easy fabrication and monolithic integration with other electronic devices, such as 

the metal semiconductor field effect transistor (MESFET), as demonstrated in Figure 2.5. 

The capacitance of an MSM photodetector is extremely small. However, it suffers similar 

limitations as a Schottky-barrier photodiode, and it is not widely used in optical fibre com- 

munications. As for optical receivers using optoelectronic integrated circuits (OEICs), it 

seems that the more popular choices are the combination of a p-i-n photodiode and a high 

electron mobility transistor (HEMT) or a heterojunction bipolar transistor (HBT) [ll]. 

FET 
MSM 

I undoped GaAs I 
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Figure 2.5 MSM photodetector integrated with MESFET. 

2.3 Semiconductor photodetectors with internal gain 

2.3.1 Photoconductive detector 

A photoconductive detector is made of some absorptive semiconductor, such as 

InGaAs, with two electrical terminals. In the dark, the semiconductor behaves like a resis- 

tor with a finite dark current at a constant voltage bias. Electrical conductivity increases 

when it is illuminated because of photo-generated carriers and the current increases. The 

simplicity makes it attractive in OEICs. 



The internal gain arises from the space charge neutrality requirement. The photo-gen- 

erated electron-hole pairs move towards their respective collecting terminal with different 

velocities. The faster carriers are collected first, which results in excessive charge in the 

photoconductor. The excessive charge draws another faster carrier into the conducting 

layer until the slower one is recombined or collected. Therefore, the internal gain is equal 

to z/t, where z is the slower carrier lifetime (transit time), and t, the fast carrier transit 

time. The bandwidth is inversely proportional to the relatively large z; therefore, the band- 

width is normally limited to 100 MHz. Thus, an increase in gain can only be obtained at 

the expense of the speed of response. This is clearly another example of the trade-off 

between gain (or quantum efficiency) and bandwidth. 

As for optical fibre communications, the relative large dark current (from lack of a p- 

n junction and required narrow bandgap energies) and its associated noise are the major 

problems. Quantum efficiency would be compromised significantly if the dark current is 

reduced to an acceptable level with current technology. Because of the limited bandwidth 

and large leakage current, photoconductors are rarely used in optical fibre communica- 

tions. 

2.3.2 Phototransistor 

A phototransistor is similar to a bipolar transistor except normally there is no electri- 

cal contact to the base as shown in Figure 2.6. The base and the base-collector junction 

regions are used as the photosensitive region. The holes generated in these regions accu- 

mulate in the base. This excessive charge causes electrons to be injected from the emitter, 

and the current gain is achieved as in a normal bipolar transistor. 

Phototransistors have yet to find use in major optical fibre communication systems 

although these devices have been investigated intensively in the late 1970s. The problems 

are quantum efficiency/gain and bandwidth, and maybe the more critical one is that a 

2 1 



steady-state illumination is required to bias the phototransistors to achieve linear amplifi- 

cation and fast response h e .  

n InP Emitter rzs Base 
n InP Collector 

n InP substrate 1-1 l e d  

Figure 2.6 n-p-n hGaAs/InP phototransistor. 

2.4 Fundamentals of APD 

From the above discussions, it is clear that a p-i-n photodiode is by far the better 

choice among the photodetectors without internal gain. However, the photodetectors with 

internal gain are advantageous over the photodetectors without internal gain, especially 

when it comes to detecting weak signals. The counterpart of p-i-n photodiode, avalanche 

photodiode (APD), is a good choice, and is widely used. 

The optical receivers with APDs are normally about 10 dB more sensitive than the 

optical receivers with p-i-n photodiodes, which may translate into an extra 40 km repeater 

spacing if 0.25 dB/km attenuation in optical fibres is assumed. The combination of p-i-n 

photodiode and EDFA is adequate in sensitivity. However, for sufficiently short distances 

or high launched powers, it may be advantageous to use a high-speed APD over an EDFA/ 

PIN configuration for significant cost reduction [lo]. More importantly, no reliable optical 

amplifiers operating at 1.3 pm wavelength are available yet. For 1.3 pm optical fibre com- 

munication systems, APDs are far more sensitive than PINS without using optical amplifi- 

ers. 



APDs suffer several drawbacks compared to PINs: 

more complex structure and complicated fabrication, therefore more expensive 

and less reliable; 

of inherently lower bandwidth at higher multiplication gains because the ava- 

lanche multiplication process takes extra time; and 

a higher bias voltage (30-70 V) is required, compared to 5 to 10 V required for 

PINS. 

2.4.1 Avalanche multiplication 

The APD's internal gain is realized by the avalanche multiplication process, which is 

achieved through impact ionization. The impact ionization phenomenon has been exten- 

sively investigated both theoretically and experimentally [55] [56] [57]. Electrons and 

holes are accelerated by a high electric field until they gain sufficient energy to excite an 

electron from the valence band into the conduction band, as shown in Figure 2.7. This pro- 

cess is a three-body collision process. The required minimum carrier energy for causing 

impact ionization is the ionization threshold energy Ei, which is obviously larger than the 

bandgap energy. Electrons and holes normally have different ionization energies. 

I 0 Hole 

Figure 2.7 Impact ionization. 

The impact ionization process is quantified by (impact) ionization rates a and P for 

electrons and holes, respectively. They are defined as the reciprocal of the average dis- 

tance, measured along the direction of the electric field, traveled by an electron or a hole 



to create an electron-hole pair. In the process of acceleration, the electrons and holes inev- 

itably lose energy to non-ionization collision processes, such as phonon scattering. 

One carrier undergoing the impact ionization creates a pair of free carriers. All three 

carriers get re-accelerated, and then continue to undergo impact ionization events and gen- 

erate more free carriers. This process is only terminated if all the free carriers are swept 

out of the high electric field region. In the end, one initial electron (hole) generates M 

extra electron-hole pairs. M is therefore the APD multiplication gain (photogain). 

2.4.2 Rate equations and photogain 

The mathematical descriptions of avalanche multiplication are well documented 

[56][3]. Suppose that the avalanche multiplication occurs only within the multiplication 

region (the high electric field region) as shown in Figure 2.8(a) (x between 0 and w). The 

electron current, JJx), increases and the hole current, Jp(x), decreases along positive x 

direction. The rate equation for J,(x) can be written as 

where G(x) is the space charge generation rate (optically or thermally). The total current 

J = I,, ( x )  + Jp ( x )  is a constant throughout the structure (current continuity). Substituting 

this condition into each of the above expressions, and integrating both sides from 0 to w 

by using integrating factor exp ( - (a - p )  dr') = exp ( - 9  ( x )  ) , the total current can be 

obtained in two equivalent forms 



Jp  ( w )  exp 1 - t  ( w )  I + J,  (01 + p j r ~  (x )  exp [-p ( x )  I cix 
J = 

Pure electron and hole injection conditions are represented by J~ ( w )  = o and J ,  ( 0 )  = 0 ,  

respectively. Therefore, the gains with pure electron. injection, M,, and with pure hole 

injection, Mp, can be respectively derived as 

The avalanche breakdown occurs when the multiplication gain is infinite, and it can be 

shown that for both pure electron and hole injections, the breakdown condition is the 

same, that is, 

W 

l - ~ o a e x p [ - p ( x ) l d r = l - ~ w ~ e x p [ p ( w )  o - p ( x ) ] d r  = O. (2.9) 

It can also be shown that if a > p, then M, >M,,  and vice versa. Thus a higher gain is 

obtained if the carriers with larger ionization rate are injected. It will be demonstrated later 

that this is also the condition for lower excess noise and higher bandwidth. 



(c) 
Figure 2.8 (a) Avalanche multiplication within a multiplication region, and gain along x 

direction for the case of (b) a > p, or (c) a < p. 

In the case of no carrier injections, the carriers can still be photo-generated within the 

multiplication region. Suppose that the carriers are photo-generated at x, between 0 and 

W, and let G ( x )  = G 0 6  ( x  - xo) , then the gain M(x,) is given by 

It is obvious that M,, = M (0) and M, = M (w) . The variations of M(x) along x direction 

are displayed in Figure 2.8(b) and (c). The current can be written in a more physical 

expression 



2.4.3 Multiplication excess noise 

The avalanche multiplication process is a random process, and the multiplication gain 

described in eqn. (2.10) represents only the average gain. The statistical variation of the 

multiplication gain is responsible for the multiplication excess noise, which is additional 

to the multiplication shot noise associated with the current. The total mean square noise 

spectral density [58][59] can be described by 

where I is the total current. In the case of pure electron or hole injection, 

( I ~ ) ~  = 2 q ~ p o ~ 2 ~ ,  (2.13) 

where Ip, is the primary photocurrent, M is either Mn or Mp, and F is the excess noise fac- 

tor. F is always greater than or equal to 1, and F = 1 only if the multiplication process 

does not cause additional noise. It has been shown to a very good approximation [58][59] 

that 

where k is either replaced by keff or Keff for the respective case of pure electron or hole 

injection, and 

For the case of uniform electric field in the multiplication region, keff = p/a and 

k ' ,  = a/p. In Figure 2.9, F is plotted for different keff (or r e # )  values. It can be seen that 

for lower excess noise, the carriers with higher ionization rate should be injected and the 

ionization rates for electrons and holes should be as much different as possible. 
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Figure 2.9 Excess noise factors for various values of k',ff and M in the case of pure hole 
injection. 

For the case of mixed carrier injections without charge space carrier generation [60], 

together with the average gain 

the effective excess noise factor is given by 

where f is the fraction of the total injection current due to electron injection 

(= I,, ( 0 )  / (I,,  ( 0 )  + $ ( w )  ) ), and F, and Fp are the corresponding excess noise factor for 

respective pure electron and hole injection. FeE is always larger than F at the same average 

gain since in this case M,, or M, is larger than M. 

In addition to the limiting factors to the response speed in p-i-n'photodiodes, such as 

the parasitic effect (RC) and the time required for the primary camers to transit the deple- 

tion region, two additional limiting factors in the APDs are the avalanche buildup time and 



the transit time of the secondary carriers. Practically, two more mechanisms are important: 

the hole trapping at the heterointerface and the diffusion tail [26] [37] [4O] [6 11. In general, 

to analyze the time and frequency response of APDs, a pair of coupled time-dependent 

transport equations must be solved [62][63]. Those solutions are generally very compli- 

cated, and only recently have more rigorous analytical and numerical solutions been 

attempted [64] [65] [66]. 

Different limiting factors become dominant at different gains. At high enough gains, 

the bandwidth is inversely proportional to the avalanche buildup time. Since the gain is 

proportional to the buildup time, gain-bandwidth product GBW is independent of the gain. 

It can be proved that GB W (hole injection) is equal to 
1 with N between 1/3 and 

2nNz (a/j3) 

2, and z is the transit time of the carriers in the multiplication region [62][63]. It is clear 

that GBW is higher if kqeff is smaller. 

In summary, to achieve lower excess noise and higher GBW product, the carriers with 

higher ionization rate should be injected and the difference between the ionization rates 

for electrons and holes should be as much different as possible. 

2.45 Quantum efficiency 

As shown in Figure 2.10, suppose that the width of absorption layer is x,bs with the 

absorption coefficient y, and the reflection coefficient at the incident surface is R, then the 

optical power P(x) loss dP at x is given by 

dP = -YPdx, (2.18) 

with solution 

P ( x )  = (1 - R )  (2.19) 

Therefore the quantum efficiency 'tl without any carrier recombination is given by 



Figure 2.10 Optical power attenuation in an absorption layer. 

2.4.6 Photocurrent 

The photocurrent Ip is related to the photogain M by 

IP = IpoM, 

where IP, is the primary photocurrent. Without any carrier recombinations, 

Using eqn. (2. I), the responsivity is then given by 

2.4.7 Dark current and its noise 

The dark current h of APDs consists of two components - multiplied and unmulti- 

plied dark currents, that is, 



where Id, is the primary dark current, and h, is the unrnultiplied leakage dark current via 

shunt paths. The important conduction mechanisms for the primary dark current are diffu- 

sion, generation-recombination (GR), and tunneling. 

The diffusion current in p-n diodes at reverse bias voltages greater than a few kT/q is 

given by [67] 

where, z, (zp) , D, (Dp) , Ap (A,) , and N, (N,) are the minority carrier diffusion lifetime, the 

minority carrier diffusion constant, the area of the depletion region boundary, and the dop- 

ing concentration in the p (n) region, respectively. ni is the intrinsic carrier concentration, 

and it is given by 

ni = 2 (4n2mem,,k2/h4) 'I4T'"exp (-Eg/2kT) , (2.26) 

where %(mh) is the effective mass of electron (hole), h is Planck's constant, and T is the 

absolute temperature. 

The GR current at reverse bias V is approximately given by 

where A and W are the area and width of the depletion region, respectively, and zeff is the 

effective carrier lifetime [71]. GR is assumed to occur via traps near the middle of the 

2 bandgap [72]. Since IdiH- ni - exp (-Eg/kT) and I,, - ni - exp ( -Eg/2k~) ,  it is expected 

that the GR current would be dominant at lower temperatures, and the diffusion current 

dominant at higher temperatures. 

For band-to-band tunneling in a direct bandgap semiconductor, the tunneling current 

is given by [67][72] 



where F, is the maximum electric field, and the parameter O depends on the detailed 

shape of the tunneling barrier. O is 1.11 for a triangular barrier and 1.88 for a parabolic 

barrier. The only temperature dependence parameter is the bandgap energy Eg7 and there- 

fore, the tunneling current has a considerably weaker temperature dependence than either 

the diffusion or GR currents. 

2.5 APD Evolution 

2.5.1 Silicon APD 

Because of the large ratio of electron to hole ionization rate and mature processing 

technology, silicon is the most suitable material for the 0.8 - 0.9 km wavelength first gen- 

eration optical fibre communication systems. The absorption coefficient dictates that 

absorption width is a few tens of pm. A simple Si p+-n structure is not a satisfactory 

design for Si APDs, since it would require more than 500 V bias voltage to deplete such a 

long absorption layer. In addition, the high electric fields at operating bias voltages 

degrade the noise performance considerably. 

The reach-through structure consisting of a p+-a-p-n+ structure is the standard design 

of Si APDs, and it is shown in Figure 2.11 [12]. Most of the photons are absorbed in the a 

region (- 50 pm) since both p and n+ regions are thin (a few pm). At operating bias volt- 

ages, the electric fields in the R region are low enough not to cause impact ionization, but 

high enough (20 Vlpm) to ensure the generated carriers being swept at their scattering- 

limited velocity (lo2 pm/ns) to the p region, where the impact ionization occurs because 

of higher electric field. This type of Si APD can achieve breakdown voltage as low as 200 



V, nearly 100% quantum efficiency, photogain as high as lo4, excess noise with kff - 0.04 

for photogains up to 500, and 500 MHz bandwidth for photogains up to 100. 

I p+ substrate I 
metal 

Figure 2.1 1 A silicon reach-through avalanche photodiode. 

2.5.2 Germanium APD 

Germanium is not the ideal material for APDs because it has almost equal electron 

and hole ionization rates. To achieve better noise performance, the n+ - n - p structure 

shown in Figure 2.12 is the preferred one for the wavelength 1.3 pm [12]. Almost a l l  inci- 

dent light is absorbed in the thick n region (a few pm), and pure hole injection is achieved. 

It can achieve - 30 V breakdown voltage, - 200 nA leakage current, > 80% quantum effi- 

ciency, photogain 30 to 40, excess noise with k',ff 0.6 - 0.7 for photogain up to 50, and 

larger than 1 GHz bandwidth. For 1.55 pm, the absorption in Ge is weak. A reach-through 

structure as in the case of Si APD is desired. 

n-guard ring 

metal 

Figure 2.12 Germanium n+ - n - p APD. 



Therefore, germanium APDs may be used reasonably well used for the whole inter- 

ested wavelength range 0.8 - 1.6 pm. However, ideally, the selected semiconductor should 

have only a marginally smaller bandgap energy than the energy of photons. This would 

ensure a compact structure with sufficient response, as well as a minimized tunnelling 

leakage currents. Large leakage current and its associated noise in germanium photodetec- 

tors are detrimental to their performance as sensitive photodetectors. In addition, germa- 

nium APDs suffer from some technical fabrication difficulties, and a large excess noise 

factor. 

Direct bandgap 111-V compound semiconductor alloys are superior to germanium 

because their bandgap energies can be tailored to suit a particular application by changing 

the relative concentrations of their constituents. In addition, a number of alloys with dif- 

ferent bandgap energies can be utilized to fabricate a device because of their lattice match 

possibilities. This additional flexibility has been critical in designing photodetectors which 

must meet many conflicting design requirements. Therefore IU-V compound APDs 

almost completely replace Ge APDs in optical fibre cornrnunications at 1.3 and 1.55 pm 

wavelengths. 

Ternary alloys such as InGaAs and GaAlSb have been used to fabricate photodetec- 

tors for longer wavelengths. In particular, the alloy In0.53Ga0.47A~ (E, = 0.75e~),  which is 

lattice matched to InP ( E ~  = issev), has been extensively employed to design and fabricate 

photodetectors for 1.3 and 1.55 pm wavelengths. InGaAs represents In0.53G~.47A~ here- 

after, unless stated. 

2.5.3 SAM and SAGM InPDnGaAs APDs 

There are some excellent reviews on evolution of InP/InGaAs heterojunction APDs 

up to late 1980s [13][14]. Because of the relatively narrow bandgap and light masses of 



electrons and holes, carriers in InGaAs undergo band-to-band tunneling breakdown at an 

electric field of about 15-20 Vlpm, which is below the threshold electric field for ava- 

lanche multiplication. Homojunction InGaAs APDs (with a structure like p-i-n) were 

reported with the problem of large leakage currents [15]. This problem was clearly under- 

stood at the beginning, and a separate absorption and multiplication (SAM) structure 

shown in Figure 2.13(a) was proposed [16] to circumvent this tunneling problem. The 

objectives are to make absorption occur in a narrower bandgap layer, such as InGaAs, 

while avalanche multiplication occurs in a wider bandgap layer, such as InP. For this struc- 

ture to operate properly as an APD, the following conditions must be satisfied. 

The absorption layer width is - 2 pm. The goals are to obtain good quantum 

efficiency by ensuring adequate absorption, and to ensure adequate bandwidth 

by not unnecessarily increasing the carrier transit time. 

The electric field at the InGaAs/InP heterointerface is smaller than 15 V/pm at 

operating bias voltages to avoid significant tunneling currents there. 

The absorption layer is completely depleted with minimum electric field 10 VI 

pm to ensure the photogenerated carriers being swept with the saturated veloci- 

ties to the InP multiplication layer at operating bias voltages. 

The conflicting requirements for the electric fields in the absorption layer 

implies that the background doping concentration in the InGaAs absorption 

layer must be smaller than 2x10'~ cm-3 if it is uniformly doped. 

The maximum electric field in the InP multiplication layer is larger than 45 VI 

pm to achieve significant avalanche multiplication. 

The doping concentration in the InP multiplication layer is smaller than 2x10'~ 

cm-3 to avoid the large tunneling current there [17]. 
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Figure 2.13 (a) SAM and (b) InGaAs/InP APDs. 

S A M  InPbGaAs APDs were fabricated successfully [18][19][20] with useful gain - 
10, leakage current - 25 nA before breakdown, and the primary multiplied dark current 

smaller than 1 nA. A severe limitation of S A M  InP/InGaAs APDs is that the photo-gener- 

ated holes are trapped at the InP/InGaAs heterointerface due to the valence band disconti- 

nuity (0.4 eV). The trapping results in a slow component of the photoresponse 1211, which 

limits the bandwidth to a few hundred MHz [22]. 

InP InGaAsP InGaAs InP M'/InGaAs InGaAs 

Figure 2.14 The band energy diagram of (a) compositional three-layer grading, and (b) 
variable-period superlattice. 



As shown in Figure 2.13(b), this problem can be alleviated by incorporating a thin 

grading layer of InGaAsP between the InP multiplication and the InGaAs absorption layer 

[2 11 [23][24] [25] [26]. The quaternary alloy InGaAsP can be tailored compositionally to 

have a bandgap energy anywhere between the bandgap energy of InGaAs (0.75 eV) and 

InP (1.35 eV), while simultaneously maintaining a fixed lattice parameter (5.869 A). The 

gain-bandwidth products GBW for such devices are normally between 10 to 30 GHz 

[25][26]. An irnp~oved technique for increasing the bandwidth is to provide up to three 

InGaAsP transition layers as the grading layer, shown in Figure 2.14(a) [27][29]. Such 

devices have shown gain-bandwidth products up to 70 GHz, and are therefore adequate 

for 2.5 Gb/s optical fibre communications. This type of grading is the most common form 

in separate absorption, grading, and multiplication (SAGM) InP/InGaAs APDs. Altema- 

tively, a sophisticated approach 1281 is to grow a variable-period superlattice of InP and 

InGaAs, where the ratio of widths of thin layers of InP to InGaAs varies from very large at 

the InP side to very small at the InGaAs side, as demonstrated in Figure 2.14(b). In this 

way, a "pseudo-quaternary" compound is produced, and whose "effective bandgap" is 

determined by the local ratio and is shown as the dashed line in Figure 2.14(b). 

25.4 SAGCM InPIInGaAs APD 

The GBW of SAGM InP/InGaAs APDs can be increased by reducing the "effective 

multiplication" width [33][35]. The electric field profile in the multiplication layer is tsi- 

angular, with the maximum electric field near the ~ + - n  junction. Most of the avalanche 

multiplication occurs around the location of maximum electric field. To reduce this width, 

the doping concentration in the InP multiplication layer should be increased. However, as 

discussed above, there is an upper limit of 2x10'~ to the doping concentration, which 

is almost impossible to fabricate. In addition, the theoretically possible achievement of 

GBW (about 90 GHz with a reasonable concentration of 5x10'~ cm9) is at the price of 



higher excess noise [32][35] because of the higher maximum electric field in the multipli- 

cation layer. This results in higher keff since it is well known that the ionization rates for 

electrons and holes in InP converge rapidly at electric fields higher than 60 V/pm [57]. In 

SAGM APDs, because of the strict requirements of electric field at the InPhGaAs het- 

erointerface and in the absorption InGaAs layer, it can be shown that the product of the 

doping concentration and the width of the InP multiplication layer (charge requirement) 

must be within a very small range. Thus, an increase in the doping concentration must be 

accompanied by a reduction in the multiplication width, and the accuracy of the multipli- 

cation layer width becomes critical to satisfy this charge requirement. Therefore, the 

increase in the doping concentration results in a narrow multiplication width with a small 

tolerance. For example [29], the control of a multiplication width of 0.5 pm must be 

within 0.02 pm for the doping concentration of 6x1016 ~ m - ~ .  The tolerance would be 0.01 

pm if the doping concentration is 2x10'~ ~ m - ~ ,  an improbable task with today's fabrica- 

tion technology for planar diffusion structure APDs. 

To circumvent these problems, a high-low AlInGa/InGaAs was fabricated [30], and a 

&doped SAGM InGaAs/InP APD was proposed and analyzed [3 11 [34] [35] as shown in 

Figure 2.15. The primary advantages are that it decouples the doping concentration and 

width of the multiplication layer, and the flat electric field profile (because the multiplica- 

tion layer is undoped) reduces the maximum electric field. It was predicted that GBW as 

high as 140 GHz could be achieved with a 0.2 pm thick multiplication layer, but with a 

concomitant increase in excess noise [35]. The high-low planar InPhGaAs structure 

devices (which are named SAGCM) have been fabricated [36] [37][38][39] with record- 

setting GBW of 122 GHz with a 0.1 pm wide multiplication layer [40], and without severe 

excess noise penalty [42]. The planar S AGCM InP/InGaAs APDs is discussed in detail in 

the next chapter. 
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Figure 2.15 A &doped SAGM InGaAs/InP APD. 

A properly designed SAG(C)M InGaAs/InP APD normally has bandwidth as a func- 

tion of gain as shown in Figure 2.16 [40]. At low gains (2-4), the overall bandwidth is lim- 

ited by hole trapping due to insufficient heterointerface electric field, and by the diffusion 

tail due to incomplete depletion of the absorption layer. At medium gains (5-20), the band- 

width is limited by the various transit times (particularly the transit of the secondary elec- 

trons) and the parasitic effects. At higher gains, the bandwidth is limited by the avalanche 

buildup time and GBW is a constant. 

Bandwidth 

7 Hole trapping, diffusion tail 

Figure 2.16 Various contributions to the overall bandwidth of SAGCM InPhGaAs 
APDs. Both gain and bandwidth are in log scale. 
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2.5.5 Low noise and fast speed heternjunction APD 

The excess noise and bandwidth of APDs depend strongly on the ratio of impact ion- 

ization rates for electrons and holes. Therefore, there is a great incentive to reduce this 

ratio since it can improve both noise and bandwidth performance characteristics simulta- 

neously. The bulk ID-V compounds are not very favorable in this regard. Popular schemes 

have been proposed in the early 1980s (i.e., multiquantum well (MQW) lsuperlattice (SL) 

[43], and staircase [44] APDs), and both of them use of a few tens of thin layers with the 

thickness of each layer a few hundred A as the multiplication layer. The step-like MQW 

energy band diagram is shown in Figure 2.17(a). When an electron enters the well, it 

abruptly gains an energy equal to the conduction band discontinuity. This effectively 

reduces the electron ionization threshold energy, which greatly enhances the electron ion- 

ization rate. When the electron enters the next barrier, the opposite occurs. However, since 

the ionization rate in the well material is larger than the one in the barrier and the ioniza- 

tion rates depend on the threshold energy exponentially, the average ionization rate for 

electrons is largely enhanced. The holes undergo a similar process but with less enhance- 

ment due to the smaller valence band discontinuity. Such devices have been demonstrated 

successfully in the AlGaAsIGaAs material [45][46]. Unfortunately, the structure does not 

provide the same favorable enhancement when using InGaAs(P)/InP material systems 

[47], and any potential noise improvement is impaired by large tunneling leakage current 

in the InGaAs layers. For this reason, the more complex staircase scheme is devised as 

shown in Figure 2.17(b). The energy band structure is obtained by compositional grading. 

In this case, the impact ionization can occur at lower electric fields so that the tunneling 

current problem is eliminated. However, this structure presents substantial fabrication dif- 

ficulty and has not been fabricated successfullyY 
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Figure 2.17 (a) MQW and (b) staircase APDs energy band diagrams under biasing. 

The only commercially fabricated MQWISL APDs for 1.3 and 1.55 pm wavelength 

optical fibre communications is the InGaAs(P)/InAlAs superlattice [48], in which the 

electron ionization rate is enhanced by a factor of 20 over the hole ionization rate [49]. 

Separate absorption, charge, and multiplication InGaAs/lnA1As superlattice multiplication 

APDs have been fabricated [50], and such devices have achieved gain-bandwidth product 

of 90 GHz and kE between 0.1 and 0.2 (about half of bulk InP) [51]. However, the 

improvement is impaired by large tunneling current in InGaAs. To eliminate this tunneling 

problem, a larger bandgap semiconductor is required. For example, InGaAsPbAlAs 

superlattice APDs have been fabricated with GBW - 110 GHz and kff - 0.2. The superior 

advantage is best illustrated by a improved flip-chip structure with 17 GHz bandwidth 

[53], and by the successful 10 GBIs optical receiver with -27.4 dBm sensitivity (NRZ) 

[54], using this type of APDs. 



Chapter 3 Planar SAGCM InPhnGaAs APD 

In this chapter, the detailed structure, fabrication, and calibration of the planar 

SAGCM InPlInGaAs APDs are described. 

3.1 Device structure 

The APDs investigated in this research were designed to operate at 2.5 Gbls, and pos- 

sibly 10 Gbls reliably with reasonable cost. As has been demonstrated in the last chapter, 

both the SAGM and SAGCM APDs can operate at data rates up to 10 Gbls with a gain of 

10. However, the yield of the SAGM APDs is low because of the tight tolerance in the 

thickness of the multiplication layer. Therefore, the SAGCM structure is selected. 

Another consideration is that the devices should be mesa or planar. The mesa struc- 

ture is simpler to design and fabricate, but its reliability is poor due to the requirement of 

passivation on crystal surfaces other than [I001 surface. On the other hand, the planar 

structure is complicated to design and fabricate, but is of high reliability because the passi- 

vation is required on [loo] surface only. Since reliability is crucial, planar structure is 

selected, similar to the structures of most commercial electronic devices. 

One of the challenging problems in designing planar diodes is premature edge break- 

down [7 11. The electric field at the edge is always higher than the central region due to its 

small curvature. The standard solution is to use a guard ring shown in Figure 3.1 

[25][29][73]. The guard ring modifies the doping profile at the edge region horn abrupt 

into graded, which has a lower maximum electric field. An additional benefit is that the 

guard ring increases the curvature, which also results in a lower maximum electric field. 
t 

i However, the design and fabrication of a reliable (non-ion implanted) guard ring consti- 



tutes a complex task. Because a technique for fabricating a linear graded impurity profile 

in n-type In. is not available yet, double guard rings must be used. Furthermore, the diffu- 

sion process used in fabricating the guard rings may limit the accurate control of the depth 

of the p+ region. 

Guard ring 

Figure 3.1 P+-n diode with guard ring. 

Another solution is to enhance the electric field in the central active region of the p-n junc- 

tion by selectively increasing the charge density under that region [74]. This approach is 

extended further 1361 as shown in Figure 3.2. Here, two lateral charge sheet, the full 

charge sheet ombve in the central active region and the partial charge sheet c+iphery in 

the periphery region, are incorporated. This extra degree of freedom allows independent 

control of the electric fields in both the central active region and the periphery region. The 

full charge sheet o,,,iVe is used to meet APD design requirements, and the partial charge 

sheet opedpbery is used to reach a balance between the electric field near the p+ region 

edge and the electric field in the InGaAs absorption layer in the periphery region. 

Although the periphery charge sheet somewhat degrades the edge breakdown in the 

device, it is required to keep the electric field low in the InGaAs absorption layer, and 

hence to limit tunneling currents. 
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Figure 3.2 Planar SAGCM InP/InGaAs APD with a partial charge sheet in device 
periphery. 



3.2 Fabrication 

The fabrication and calibration of the planar SAGCM hP/InGaAs APDs with partial 

charge sheet in device periphery are described in detail in [75]. The metal-organic chemi- 

cal vapor deposition (MOCVD) technique including an overgrowth is used to grow the 

wafers. The maximum lattice-mismatching among all the layers is about 0.07%. The 

upper limit of the unintentional background doping concentration is 1 . 0 ~ 1 0 ~ ~  cm-3 in both 

InP and InGaAs. 

An unintentionally doped InP buffer layer with a thickness of 0.5 - 1.0 pm is grown 

on a 2" n+-InP substrate. An unintentionally doped InGaAs absorption layer with thick- 

ness 2.5 - 3.3 pm follows. At the very end of it, a "boost" layer of thickness about 0.02 

pm is formed by doping with Si (2 .0~10~'  ~ m - ~ ) .  The boost layer might increase the band- 

width since it helps to prevent hole trapping due to the higher heterointerface electric field. 

The grading layer consists of nine quaternary layers, compositionally graded from InGaAs 

to InP with the total thickness of - 0.09 pm. The dopant is Si and the doping concentration 

is - 1 . 0 ~ 1 0 ' ~  cmJ. The InP charge layer is grown onto the wafer with thickness about 0.2 

pm, and the integrated areal charge density oaai,, (including the areal charge density in 

the boost and grading layers) is - 3.0x1012 cm-2 with Si as the dopant. The top 0.025 pm 

of the charge layer (sacrificial layer) as shown in Figure 3.3 is undoped, to avoid the fol- 

lowing two problems. First, there is always a thin Si layer incorporated at the top of the 

charge layer before the overgrowth, and this causes substantial offset of the integrated 

areal charge density. Second, the cleaning procedure before the overgrowth removes a thin 

(less than 0.025 p) uncontrollable thickness of the charge layer. 

The mesas are patterned by standard photolithographic techniques with wavelengths 

of 4050 or 2900 A and a dark field mask set (Z01). The etching is performed with either 

wet chemical etching (WCE) or reactive ion etching (RE). To facilitate better control of 
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the etching, more complicated charge layer structures are fabricated in the first growth. 

For RIE, a low-high doping profile is adopted as shown in Figure 3.3(a). In this way, the 

uncertainty and non-uniformity of RIE have a minimum impact on oxti,,. For WCE, an 

etch stop (InGaAs) within the charge layer is incorporated as shown in Figure 3.3(b). The 

thickness of the etch stop is chosen as 0.005 pm to balance the requirement of stopping 

etching and minimizing the tunneling current due to the narrower bandgap of the etch stop 

layer. Unless otherwise specified, WCE with an etch stop is selected. 

high doping 

I I 

n InP low doping 

Figure 3.3 (a) Low-high doping mesa structure in RIE. (b) Mesa structure with etch stop 
in WCE. 

The wafer is then put back into the MOCVD reactor and 2.5 pm of unintentionally 

doped InP cap layer is grown. A dielectric mask consisting of either of SiOz or SiN, is 

then deposited. After the overgrowth, the mesa is still visible and the alignment for p+ dif- 

fusion mask can be done without further complications. The Zn diffusion is monitored by 

a reference calibration sample and the depth x, can be controlled within 0.1 pm. To pre- 

cisely control the multiplication layer thickness xd, the InP cap layer thickness is mea- 

sured before the diffusion, and this is described in the next section. An anti-reflection 

(AR) coating of Si02 or SiN, is applied to the wafer with a thickness about a quarter of 

the wavelength (- quarter of 1.3 or 1.55 pm) in the material. The p-metal contact window 

is etched into the dielectric coating by RIE. The p-metal, which consists of 0.04 pm Cr 
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and 0.25 pin Au, is evaporated using an e-beam evaporator. A standard lift-off technique 

using a bilayer of polyrnethyl-methacrylate (PMMA) and photoresist is used to pattern the 

p-metal. The wafer is quartered and thinned down to a 150-200 pm thickness. Cr/Au n- 

metal is evaporated onto the polished substrate. The finished wafer is diced into 500x500 

pm2 dies and the dies are mounted onto 2 x 2 ~ 4  mm3 ceramic carriers. The n-contact is 

formed by thermally compressing Au/Sn solder between the die and an Au pad on the 

ceramic carrier. p contact is formed with 1.0 or 1.4 mil diameter bonding wire of length - 
2 mm. 

3.3 Calibration 

The Hall measurement technique is used to calibrate the doping concentrations. It 

uses a van der Pauw measurement sample, about 4x4 mm2 in size that is cleaved from a 

calibration wafer. The Hall measurements determine that the upper Limit of the uninten- 

tional background doping concentration is 1 . 0 ~ 1 0 ~ ~  ~ m - ~ .  The intentional doping concen- 

tration is calibrated on the whole calibration wafers with layer thickness about 2 - 3 pm. It 

is found that the doping concentration is reduced by about 20% from the leading edge to 

the trailing edge (major flat) of the wafer, as shown in Figure 3.4. This is due to the gas 

flowing along that direction relative to the wafer in the MOCVD reactor. Along the direc- 

tion perpendicular to the gas flow direction, the doping concentration variation is minimal. 

Reflectance spectroscopy has been introduced for measuring the epitaxial layer thick- 

nesses, such as the InP charge layer before the overgrowth and the InP cap layer after the 

overgrowth at both central and periphery regions. Reflectance is measured as a function of 

wavelength from 0.9 to 1.5 pm. Since in this spectral range, the InP layers are transparent 

while the InGaAs layers are opaque, then the measurement is similar to that of a single 

film thickness [76]. It is generally found that the variation of the InP cap layer thickness 



after the overgrowth over a wafer is nearly radial, and it is thicker at the center and about 

0.1 pn thinner at 8 rnrn from the edge along the direction of the gas flow. For measuring 

the InGaAs layer thicknesses, the technique of measuring the epitaxial layer thickmess of 

A-B-A double heterostructure using reflectance spectroscopy is employed [77]. At 

present, the thickness measurement is only applied to wafers since the spot size of the 

spectrometer diameter. 

Distance from leading edge (mm) 

Figure 3.4 Measured (Hall measurement) doping profile for the charge sheet in the 
direction of MOCVD gas flow. 

Secondary ion mass spectroscopy (SIMS) is used to determine the thickness of the 

multiplication layer and the doping profiles of the p', charge and grading layers, as shown 

in Figure 3.5. SIMS relies on removal of material from a solid by sputtering and on analy- 

sis of the sputtered ionized species. The depth axis of the SIMS profile is converted from 

the elapsed time by a subsequent stylus profdometry measurement. It is found that the 

doping profile of the p+-n junction obeys a "modified erfc" function, which is quite close 

to an abrupt junction. The fall-off of the Zn concentration is a good indicator of the diffu- 

sion depth, which is found to be uniform across wafers within the SIMS uncertainty 



(0. lpm). The abrupt increase of Si concentration provides an unambiguous location of the 

top of the charge layer. The separation between the Zn and Si profile edges is the thickness 

of the multiplication layer. 

0 1 2 3 4 

x (urn) 

Figure 3.5 A typical SIMS profile. 

3.4 Devices investigated 

The planar SAGCM InP/InGaAs APDs with partial charge sheet in device periphery 

investigated in this thesis were designed and fabricated by Bell Northern Research, 

Ottawa, Canada. The devices investigated in the following chapters are from two wafers - 

P555 and P623. The nominal fabrication parameters are listed in the Table 3.1. The vari- 

ous thicknesses are already defmed in Figure 3.2. ocheharge, ograding and operiphery are the 

integrated areal charge density in the charge, the grading, and the boost layers, respec- 

tively, and o,,,,,. = oCharge + ogm+ + o,,,,,~ in the active central region. Qpenphry is the 

corresponding value in the periphery region. Unless otherwise specified, all the devices 



investigated here have GBW product in 50-100 GHz range. The highest is 122 GHz, a 

record-setting value [40]. 

Table 3.1 The nominal device fabrication parameters for wafer P555 and P623. The 
thickness is in pm and the integrated areal charge density is in 1012 ~ r n - ~ .  



Chapter 4 Critical device parameters extraction 

The multiplication layer thickness xd and the integrated areal charge density oactive 

are crucial parameters for SAGCM APDs to meet design requirements. For our APDs, 

both device parameters vary significantly over a wafer when the devices are fabricated 

with current MOCVD technology. Even with the inherent advantages of SAGCM InP/ 

InGaAs APDs, it is still very important to control the variation of xd when it is less than 

0.5 pm (note that this is crucial for SAGM APDs). In our APDs, xd is determined by two 

processes: growth of the epitaxial M layer of thickness xj+xd, and subsequent p+ diffu- 

sion of depth xj. Because of the non-uniformity of the InP cap layer thickness and the 

uncertainty of the diffusion depth, it is difficult to control xd to better than 0.1 pm across a 

wafer for devices intended for bandwidths greater than 5 GHz. Due to the gas flow direc- 

tion in the MOCVD reactor and the uncertainty in mesa etching, o,&,, can vary more 

than 20% across a wafer. 

Typical direct measurements of xd and oxti,,, such as with secondary ion mass spec- 

troscopy (SIMS) and Hall analysis, have limitations in that they are destructive and/or 

they must be performed on separate calibration wafers. Another common technique, 

capacitance-voltage (C-V) measurement, is not suitable for these devices because the 

capacitances are too small due to the small device size, resulting in a very noisy signal. In 

addition, the mesa structure makes the extraction of xd and oxti,, from C-V measure- 

ments a fairly complicated process, if not entirely impossible. Larger area devices were 

not readily available during the period of this investigation. Therefore, a new non-destruc- 

tive technique to determine device parameters at device level is critical for on-going and 

further characterizing and modelling of our SAGCM InP/InGaAs APDs. In addition, 

determination of device parameters at the wafer level is very helpful to monitor wafer fab- 
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rication, and to reduce unnecessary fabrication and processing steps to reduce device cost. 

In this chapter, a simple, innovative, and non-destructive method for determining both 

xd and o,,i,, on a wafer and on individual APD is presented [78][81]. The method relies 

on punchthrough voltage V,,,, and breakdown voltage Vbr easily obtained from photo- 

current-voltage measurements. First, the experimental setup is briefly described, and then 

the detailed device parameters extraction technique is presented. Finally, this technique is 

applied to two wafers, and all possible errors, including both systematic and random ones, 

are discussed. 

4.1 Experimental setup 

The light is generated with a pigtail 1.3 pm LED, and is transmitted over a mono- 

mode optical fibre to the APD. The incident optical power is controlled by a HP optical 

attenuator. The end of the optical fibre is cleaved with core diameter about 10 pm, and it is 

pointed to the APD from a distance less than 50 pm away the surface. The incident light is 

directed at the central active region of the APD by maximizing the photocurrent at a bias 

voltage O.gaVbr while moving the end of the optical fibre along the APD surface. The DC 

photocurrent is measured with a Keithley 617 Electrometer with the APD reverse-biased. 

The sensitivity is about 100 nA due to environmental noise. The normally employed 

phase-sensitive measurement of photocurrent is not necessary since both dark current and 

its associated noise are much smaller than the photocurrent. All instruments are controlled 

with a personal computer through an IEEE 488 bus. 

4.2 Extraction technique 

All properly designed APDs including SAGCM InP/InGaAs APDs show impact ion- 

ization breakdown at some reverse bias voltage Vb, However, as shown in Figure 4.2, an 
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additional characteristic voltage in our planar SAGCM W/InGaAs APDs, which can be 

unambiguously determined from photocurrent-voltage characteristics, is the punchthrough 

voltage V,,,,. The punchthrough voltage is that at which the electric field starts to pene- 

trate the InGaAs layers in the central active region [36]. The corresponding punchthrough 

voltage in the periphery region is V . .  The detailed photo I-V characteristic in Figure 4.2 

is now explained. 

LED Power 

LED ml 1.3 pm 
Optical Electrometer 

0~omode Attenuator 
Fibre 

I I 

Figure 4.1 Photocurrent measurement setup. 

Bias Voltage (V) 

Figure 4.2 A typical (APD32, wafer P623) photocurrent versus bias voltage and its 
derived photogain. 



When V<V-, the InGaAs absorption layer in both the active and the periphery 

regions are not depleted. The photocurrent is very small since the photogenerated holes in 

the absorption region are blocked by the energy barrier at the InPhGaAs heterointerface, 

and eventually, the photogenerated electrons and holes recombine. When Vw<V<Vmesa, 

the periphery region of the InGaAs absorption layer is depleted whereas the central active 

region is not. The energy barrier at the InPhGaAs heterointerface in the central active 

region still blocks the photogenerated holes. However, the energy barrier in the periphery 

region is diminished. Because of the very high quality of the InGaAs semiconductor, the 

hole lifetime is about 18.5 ps and the d f i s ion  length is about 140 pm [79]. Therefore, the 

long-lived photogenerated electron-hole pairs in the central active region can diffuse to the 

depleted periphery region, and are collected by the terminals. The photocurrent is constant 

over this range of voltage, and the gain is unity since the gain is due to impact ionization in 

the periphery region which is approximately unity at this range of low bias voltages. This 

is one of the unique features of planar SAGCM APDs with partial charge sheet in device 

periphery as the gain is calibrated automatically in this bias range. When V>V,,,,, the 

energy barrier in the active region is diminished, and the photogenerated holes are passing 

through the central active multiplication region. Therefore, the photocurrent and its deriv- 

ative with respect to V starts to increase monotonically due to the increased impact ioniza- 

tion multiplication until the bias voltage reaches the avalanche breakdown voltage Vb, 

The existence of V,,,, is common in both planar and mesa SA(G)M InP/InGaAs APDs 

[18][24][25], but the existence of the unity gain bias voltage region is only observed in our 

high-quality planar SAGCM APDs with partial charge sheet in device periphery or in 

high-quality planar SAGM InPhGaAs APDs with preferential lateral extended guard 

(PLEG) ring [25]. Also, the existence of the unity gain in our devices make it possible to 

derive directly the photogain, as shown in Figure 4.2. 

With these two experimental characteristic voltages Vmesa and Vbp two device 
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parameters may be extracted if all other device parameters and the ionization rates are 

known. It is clear from the above discussions that it is most beneficial to extract xd and 

Oactive - the two most critical and uncertain device parameters. 

To relate the breakdown voltage Vbp the punchthrough voltage V,,,,, and the break- 

down electric field Fbr in the multiplication layer to the device parameters, the following 

assumptions and simplifications are made. 

The p+-n InP junction is abrupt. 

The voltage drop at the InPbGaAs heterointerface (0.1-0.4 V) is ignored. 

The doping concentrations in the multiplication, charge and grading layers are 

uniform. 

The thickness of the thin highly doped InGaAs layer is ignored, 

The relative dielectric constant of the InGaAsP of the grading layer is assumed 

to be equal to the relative dielectric constant of W. 

The InP buffer layer is treated as part of the absorption layer. 

The multiplication layer background doping concentration is assumed to be 

zero. 

The doping concentration in the absorption layer is uniform, 

The absorption layer is completely depleted at breakdown. 

From Poisson's equation and appropriate boundary conditions as shown in Figure 4.3, 

from eqn. (A.ll) and eqn. (A.3) it can be shown that 



- 
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Figure 4.3 The electric fields in SAGCM InP/InGaAs APD. 

In the above equations, e l  and EZ are the relative dielectric constants for InP and InGaAs, 

and are 12.3 and 12.9, respectively. Q is the dielectric constant of vacuum and q is the 

electron charge. NG and NhGaAs are the respective doping concentrations in the grading 

and highly doped thin InGaAs layers. ND is the unintentional background doping concen- 

tration in the multiplication and absorption layers. OhGaAs 

N ( = ' I n ~ a ~ s  InGaAs = 0.4x10'~crn-~ ) is the integrated areal charge density of the thin 

highly doped InGaAs layer. oCharge is the integrated areal charge density of the charge 

layer, and g,,,, = oCharge + N ~ I ~ ~ ~ ~ ~ ~ ~  + olnGds' Vbi is the zero bias built-in voltage across the 

APD structure and it is approximately 1 V. 

Two more simplifications are assumed for breakdown condition. 

10. Impact ionization in the InGaAs absorption layer is ignored. 

11. Impact ionizations in the charge and the grading layers are ignored. 



The breakdown condition can be found fiom 

which can be obtained fiom the more general breakdown condition in eqn. (2.9) when the 

electric field in the multiplication layer is constant. al and P 1  are impact ionization rates 

for electrons and holes in Inl?, respectively. There are a few reported experimental values 

of a1 and pl in the literature, and the particular set of values used results in differences in 

the extracted xd and oxti,,. This point is discussed in detail later. For now, the most com- 

monly cited values [32] for a1 and P1 are used, which are 

a, ( F )  = 555 . exp ( -310 /F) ,  P, ( F )  = 198 . exp ( - 2 2 9 / F ) ,  (4.4) 

with the electric field F in V l ~ m  and the ionization rates in pn-'. The three unknown 

variables Fb, ocharge and xd can be found by iteratively solving eqn. (4.1), eqn. (4.2), and 

eqn. (4.3), using values of al and P I  from eqn. (4.4), and with experimental Vmesa and 

Vbr as  sole input parameters. 

Two more characteristic voltages are useful to calculate: the voltages V0rneSa and Vde- 

pleted at which the electric field starts and finishes depleting the absorption layer (not 

including the thin highly doped InGaAs layer), respectively. From eqn. (A.12) and eqn. 

(A.7), it can be shown that 

qN~'undopcd  
'depleted = "mesa + ('d' t ~ n ~  + 'grading + tundoped/2)  

EzEO 

Another two interesting values are the heterointerface electric field Fheter and FOheter (Fig- 

ure 4.3), the respective electric fields at the boundary of the thin highly doped InGaAs 

layer and the absorption layer, which are given by (eqn. (A.2)) 



4.3 Results and Discussions 

The device parameter extraction technique is tested on P555 and P623 wafers. The 

experimental values of Vmesa and Vb, from the leading edge to the trailing edge of the 

wafers are displayed in Figure 4.4. The values of the device parameters used for modelling 

are Listed in Table 4.1. The extracted values of xd and o,,ive are shown in Figure 4.5 (a) 

for wafer P555 and (b) for P623. 
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Figure 4.4 The experimental values of Vmesa and Vbp and the calculated V',,,, and 
Vdepleted across (a) P555 and (b) P623 wafers. 



Table 4.1 The values of the device parameters used for modelling. The thickness is in 
pm, the doping concentration is in loiS cm-q and the integrated areal charge 
density is in 1012 ~ m - ~ .  

Figure 4.5 The extracted values of xd and oaai,, for wafer (a) P555 and (b) P623. 

The extracted results agree quite well with the independent measurements (SIMS, 

reflectance spectroscopy, and Hall analysis), for which the results have been presented in 

[75][80] and in chapter 3. These independent measurements establish that for both wafers, 

xd is greatest in the center of the wafer with a value about 0.4 pm, and falls off toward the 

edges to a value of - 0.3 pm. The trend is consistent with what has been calculated, but the 

calculated values are systematically 0.1-0.15 pm larger than the independently measured 

xd values. However, the error of these independent measurements is about 0.1 pm and the 

error of this extraction technique is about 0.05 pm (shown later). Therefore, it can be con- 

cluded that the extracted and experimentally measured xd values agree within the errors. 



The small differences in xd between wafer P555 and P623 reflects the fabrication uncer- 

tainty of - 0.1 pm. The small differences between wafer P555 and P623 reflect the fabri- 

cation uncertainty (0.1 pm) stemming from p+ diffusion and the InP cap layer MOCVD 

growth. 

G i v e  for wafer P623 is designed to be (2.7-3.4)x1012 cm-2 (Table 3.1), which is in 

good agreement with the extracted values. Wafer P555 is designed to have Gaaive (0.2- 

0.3)x1012 cm" smaller than the wafer P623, which agrees with the extracted values for 

the APDs near the leading edge. The variation of the extracted oactive over wafer in Figure 

4.5 is - 29% for wafer P555 and - 22% for wafer P623. The Hall measurements for cali- 

brating this particular MOCVD reactor, which was used to grow the two wafers, estab- 

lished that oa,ive increases by 15% to 20% from the location 8 mm from the leading edge 

to the location 8 rnrn from the trailing edge (Figure 3.4). This confirms that this extraction 

technique is successful in determining both absolute value of oactiVe and its variation over 

wafer for wafer P623. However, the extracted variation of a 29% for wafer P555 is larger 

than the expected 20% variation. One possible reason for this discrepancy is that this fab- 

ricated wafer is slightly different from its design due to the very delicate fabrication pro- 

cesses. 

The calculated VRmeSa and Vdepleted are shown in Figure 4.4, and the calculated Fbp 

F'hem and Fheter i" Figure 4.6. The calculated Vdepleted is always lower than Vbp there- 

fore the assumption that the absorption layer at breakdown is completely depleted is satis- 

fied. The calculated V',,,, is about 4 V systematically higher than Vmesa, which is not 

surprising since  oh^^& is assumed unchanged, and xd changes very little. The calculated 

Fbr is between 52 to 57 V1p.m. This small variation of Fbr is consistent with the small vari- 

ation of the extracted xd, since Fbr depends only on xd. Also F'heter is about 5.6 Vlpm 

lower than Fheter 



Figure 4.6 The calculated Fbr and Fheter for wafer (a) P555 and (b) P623. 

The extraction for individual APDs cannot be independently examined since the 

uncertainty of the independent measurements for individual APDs using SIMS are too 

large to reach meaningful conclusion. The validity of this new extraction technique is ulti- 

mately decided by future modelling of other characteristics. 

The extraction technique described above (which will be called "standard technique") 

relies on some assumptions and simplifications. Some of them are fairly obvious (items 1- 

6) and no further discussions are warranted. Some of the assumptions represent the reality 

of the devices (items 8, 9). The rest of the assumptions and simplifications (items 7, 10, 

11) are examined in the next section, and the resulting variations are treated as the errors 

of this extraction technique. 

4.4 Error analysis 

One aspect of error analysis is to determine the absolute uncertainty of the extracted 

values, which is very important for further investigations at the individual device level. 
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Another aspect is that the errors should be small so that the general trends across the wafer 

are preserved. The errors can be generally classified into two types: systematic and ran- 

dom. The systematic errors cause the extracted values to change systematically in a pre- 

dicted direction whereas the random errors cause the extracted values to change in an 

unpredictable direction. The general trend across the wafer of the extracted values are gen- 

erally not affected by the systematic errors whereas the absolute uncertainties of the 

extracted values depend on both the systematic and random errors. 

The systematic errors are contributed by ignoring the ionizations in the absorption 

layer, and the ionization in the charge and grading layers, the assumed zero doping con- 

centration in the multiplication layer, and the selection of InP ionization rates. The random 

errors are contributed by the experimental errors of V,,,, and Vb, and the fabrication and 

calibration errors of the device parameters listed in Table 4.1. 

4.4.1 Ionization in the absorption layer 

Ionization in the InGaAs absorption layer has long been suspected to be responsible 

for some unexplained experimental results, such as a lower than expected gain-bandwidth 

product (GBW) [29][40][80], and also a lower than expected excess noise [32][42]. Ion- 

ization in the InGaAs absorption layer will cause systematic errors to the extracted xd and 

o,,i,,, and in principle this effect should be included. However, in many cases, it can be 

ignored when extracting xd and oadive. In this section, ionization in the InGaAs absorp- 

tion layer is examined in detail so as to determine 1) the error due to the neglect of this 

effect; and 2) under what conditions this ionization can be ignored. 

To include the ionization in the absorption layer, the right hand side of eqn. (4.3) 

should be modified to 



Fend is the electric field at the end of the absorption layer at breakdown, and 

dFIdx is the spatial gradient of the electric field in the absorption layer, and it is 

( 4 N ~ / % ~ ~ )  here. a2 and & in pm-l are the ionization rates for electrons and holes in 

InGaAs with electric field F in Vlpm, and their experimental values have been reported by 

Pearsall[82] as 

a, ( F )  = 5130. exp ( -195 /F) ,  p2 ( F )  = 7 3 0 0 .  exp ( -220/F)  , (4.11) 

and by Osaka 1321 as 

a, ( F )  = 227 . exp ( - 1  1 3 / F ) ,  p2 ( F )  = 395 - exp (- 145/F) . (4.12) 

Their values are plotted with F between 15 and 25 Vlpm in Figure 4.7. A cautionary note 

is that for both formulas the valid F range is between 20 to 25 V/pm. Also note that unlike 

InP, the ionization rate for electrons is larger than the ionization rate for holes in InGaAs. 
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Figure 4.7 The experimental values for the ionization rates in InGaAs for (a) electrons, 
and (b) holes. The solid lines are from Pearsall, the dashed lines from Osaka. 

The extracted xd and oxti,, for wafer P555 with both sets of the ionization rates are 

shown in Figure 4.8. The inclusion of the ioriization in the absorption layer clearly makes 

some difference in the extracted values when the breakdown voltages are high, and makes 

no difference when the breakdown voltages are low. This is exactly as expected, since at 

lower breakdown voltages, Gaaive are higher, which results in lower FMheter (lower than 12 

Vlpm). Therefore the ionization in the absorption layer is too small, as seen from Figure 

4.7. When breakdown voltages are high, oxti,, are lower, which results in higher F'hetm 

(higher than 15 Vlpm). Therefore the ionization in the absorption layer is significant. 

However, the extracted xd and Oaaive from the calculation with Osaka's InGaAs ionization 

rates, are contradicted by other independent measurements. The trend of xd and the 52% 

variation of o,,ive over the wafer cannot be explained. It seems that Osaka's a2 and P2 are 

not correct when F is below 20 V / w .  However, a2 and P2 are determined between 20 to 

25 Vlpm, and the only conclusion from this investigation is that extrapolation of Osaka's 

a2 and P2 to electric fields below 20 V/pm is not accurate. Therefore, only the results cal- 

culated with Pearsall's a2 and p2 will be discussed further. 
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Figure 4.8 The extracted values of (a) xd and (b) cadive for wafer P555 with the ioniza- 
tion in the absorption layer. The solid lines are extracted with the standard 
technique. The dotted lines with solid squares are calculated with Pearsall's 
InGaAs ionization rates, and with open squares with Osaka's InGaAs ioniza- 
tion rates. 

From the extraction for wafer P555, it seems that when FRhGer is higher than 17 V/ 

pm, the ionization in the absorption layer is significant, and when F'heter is lower than 15 

Vlpm, the ionization is negligible. For the purpose of a rule of thumb estimation, F'heter of 

17 and 15 V/pm correspond to experimental Vbr of 90 and 80 V, if xd is 0.4-0.5 pm. It also 

reveals that this inclusion causes an increase in xd and a decrease in csactiV,, when its con- 

tribution is important. The inclusion of the ionization in the absorption layer reduces the 

necessity of the ionization contribution from the multiplication layer, which causes a 

reduction of Fb, However, this reduction of Fbr will reduce the electric fields in the 

absorption layer, which will result in a reduction of the ionization contribution from the 

absorption layer. To compensate for the reduction of the electric fields in the absorption 

layer, oxti,, is reduced. The increase of xd, which has a much smaller effect on the ion- 

ization contribution from the multiplication layer than from the reduction of Fbp is for 

maintaining V,,,,. 
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Wafer P623 is also extracted as shown in Figure 4.9(a). The results are almost identi- 

cal to the values extracted with the standard technique, since oxti,, is higher for this 

wafer than wafer P555. This higher oxti,, results in the values of F9heter lower than 15 V/ 

pm, as can be seen from Figure 4.9(b). 

0 

E 
a 
Y 

2' 

Figure 

Diamnct from 1- edge (mm) 

4.9 The extracted values of (a) xd and oxti,,, which are overlapping with the 
values extracted from the standard technique and, and (b) F'heter and Fend for 
wafer P623, including the ionization in the absorption layer. 

4.4.2 Ionizations in the charge and grading layers 

In principle, the ionization in both the charge and grading layers ought to be consid- 

ered together. In this section, it will be demonstrated that the inclusion of the ionization in 

the charge layer will cause acceptable systematic errors in the extracted xd and o,,ive. The 

systematic errors caused by the inclusion of the ionization in the grading layer is even 

smaller. 

To include the ionization in the charge layer, the right hand side of eqn. (4.3) should 

be modified to 



~ X P  [xd ( p 1  ( ~ ~ ~ 1  - a, ( F ~ J  I j a, ( F )  exp 

F2 is the electric field at the boundary between the charge and grading layers, and 

dF/dx is the spatial gradient of the electric field in the charge layer, and is 

The inclusion of the ionization in the charge layer causes a systematic increase of 

0.011 - 0.024 pm in the extracted xd, and a systematic decrease of (0.05-0.1)~10'~ cm-2 in 

the extracted oxti,,, as shown in Figure 4.10 for both wafers. This phenomenon is quite 

similar to the inclusion of the ionization in the absorption layer as discussed above, except 

that the effect of the ionization in the charge layer will be important for all the values of 

oa,ive, since the electric field in the charge layer is not a strong function of oaCti,,. It 

should be noted that even if the ionization in the charge layer can be treated as a system- 

atic error in the device parameters extraction, it does not necessarily mean that the effect 

can be treated as a second order effect in modelling other characteristics. 

4.4.3 Non-zero doping concentration in the multiplication layer 

Principally, the electric field in the multiplication layer is not constant due its non- 

zero background doping concentration. It will be demonstrated that this effect will cause 

negligible systematic errors in the extracted xd and oactive. 



Figure 4.10 The extracted values of xd and (the dotted lines with open symbols) 
with the ionization in the charge layer for wafer (a) P555 and (b) P623. The 
solid lines with closed symbols are extracted from the standard technique. 

To include this effect, eqn. (4.1) and eqn. (4.2) should be modified to (Appendix A) 

gocharge 
'br  + 'bi = Fbr ( ~ d  + ' l n ~  + 'grading + 'undoped) - - ( ' lnpI2  + 'grading + 'undoped) 

ElE0 

The breakdown condition becomes 

where dF/dx is the spatial gradient of the electric field in the multiplication layer, and it is 

( ~ N D / E Z E O )  here. The two eqn. (4.7) and eqn. (4.8) should be modified to 
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gocharge q N G  qN, 
Fheter = F b r -  - - '-- -- 

'grading 
E~El E~El E,E, xd* 

The inclusion of the non-zero doping concentration in the multiplication layer causes 

a negligible systematic increase of less than 0.0006 pm in the extracted xd, and a decrease 

of less than 0.018x1012cm~2 in the extracted oXtive, as shown in Figure 4.11 for both 

wafers. 

Figure 4.11 The extracted values of xd and cr,,..,, (dotted lines with open symbols) with 
the non-zero doping in the multiplication layer for wafer (a) P555 and (b) 
P623. The solid lines with closed symbols are extracted from the standard 
technique. 

4.4.4 InP ionization rates 

The selection of the InP ionization rates is of potential importance for the absolute 

accuracy of the extracted xd and oxti,,, There are substantial differences in reported 

experimental values al and PI from Osaka's [32] used so far and others, such as from 

Umebu's [83], 



a, (F) = 736. exp (-345/F), (F) = 204. exp (-242/F), 

from Cook's [84] for F between 36 and 56 Vlpm, 

a, (F) = 293 - exp (-264/F), $, (F) = 162 - exp (-21 1/F) , (431) 

and from Armiento's [85], 

a, (F) = 555 . exp (-310/F), $, (F) = 321 . exp (-256/F) . (432) 

They are plotted with F between 50 and 60 V/pm in Figure 4.12 in order to both impress 

upon the reader the differences and to guide the reader through the discussion that follows. 

Note that Armiento's values, al, are identical to Osaka's and Armiento's values, PI, are 

quite similar to Osaka's. 

(8) 

Figure 4.12 The experimental values for the ionization rates in InP for (a) electrons, and 
(b) holes from the literature. 

The extracted xd and oaai,, for both wafers with Umebu's and Cook's InP ionization 

rates are plotted in Figure 4.13. Note that all the extracted Fb, are within the valid F range 

of the corresponding set of the InP ionization rates. Since Armiento's values of al and P1 
are quite similar to Osaka's, there is little difference if Armiento's values of al and P1 are 

used. Compared to the standard technique, using Umebu's values of al and P1 causes a 



typical decrease of 0.06 pm of the extracted xd and 0 . 3 ~ 1 0 ' ~  cm" increase of the 

extracted o,,,iVe, while using Cook's values of al and P1 causes a typical increase of 0.05 

pm and a decrease of 0.2x1012 cm", respectively. There are a few reasons to discard both 

the extractions using Umebu's and Cook's values of a 1  and PI. One of the reasons is that 

the two calculations result in exactly opposite extracted values of xd and omive, and one 

of the two must be wrong. Osaka's values of al and P1 are more up-to-date and most fre- 

quently used in the recent literature. Finally, the extracted values are most important in the 

sense of self consistency, and the selection of different InP ionization rates may not be 

very critical in modelling other characteristics of the APDs. Therefore, Osaka's InP ion- 

ization rates are used for the calculations in this investigation. 

Figure 4.13 The extracted values of xd and o,b,, for wafer (a) P555 and (b) P623 with 
the InP ionization rates from Umebu's (the dotted lines with open circles) 
and Cook's (the dotted lines with open squares). The solid lines with closed 
symbols are extracted from the standard technique. 

4.4.5 Random errors 

The random errors are contributed by the experimental errors of V,,,, and Vb, and 

the fabrication and the calibration enors of the device parameters used in the extraction, 



such as t m  tgadiog, tuodoped, NG, ND and o l n ~ ~ ~ ~ ,  that are listed in Table 4.1. The maxi- 

mum errors corresponding to each contributing source are listed in Table 4.2. The uncer- 

tainties in Vmesa and todoped are the dominant contributing sources to the total random 

errors, and the value for xd is approximately f0.05 pm, and for oactive approximately 

f 0 . 0 9 ~ 1 0 ' ~  ~ m - ~ .  The total random error for oaaive is clearly small enough that the trend 

for both wafers is preserved. The total random error for xd, which is calculated in the 

worst case, principally is large enough to smear out the trend of both wafers. However, the 

reflectance spectroscopy clearly established that the trend shown is correct, and thus the 

worse case is not likely occuning. In addition, the uncertainties of VmeSa and todoped are 

most likely to be on one side rather than random, which will result in systematic rather 

than random uncertainties, thus preserving the trend over the wafer. However, it is not cer- 

tain on which side these two errors are, and therefore they are still treated as random errors 

here. 

Table 4.2 The random errors of the extracted xd and oxti,,. The thickness is in pm, the 
dopin concentration is in 1015 ~ m - ~ ,  and the integrated areal charge density is 

15 in10 ~ m - ~ .  

-- 

a. The doping in the grading layer is not independenny monitored. 

Default 
Uncertainty 

axd 

4.4.6 &doped SA(G)CM APD 

It would be rewarding to use an even simpler model to conduct the extraction, such as 

the simplified &doping structure model [75][80]. The formula is similar to the standard 

- technique if it is assumed that tlnp - tgrading = o and N, = 0. The extracted values 

with this simple model are surprisingly close to the extracted values with the standard 

See Figure 4.4. 0.17 
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technique. xd is increased by less than 0.04 pm and o,tive is decreased by less than 

0 .08~10 '~  ~ m ' ~ .  However, this obvious success does not necessarily qualify this simple 

model as appropriate for more general cases. To examine its validity, a better model with 

ND * 0 is used to do the extraction. Not surprisingly, this "better" model causes an unac- 

ceptable 0.06 pm increase of xd and 0 . 2 3 ~ 1 0 ' ~  cm-2 decrease of oactiVe. Obviously, the 

two simplifications in the simple model cause similar but opposite systematic errors to xd 

and oactiVe. Physically, the &doping simplification reduces the voltage drop in the charge 

and grading layers because of the zero thicknesses, and fortuitously, the ND = 0 simplifi- 

cation increases the voltage drop in the absorption layer because the increased electric 

fields in the absorption layer. For quantitative modelling, caution should be exercised 

when the &doping structure model is used. 

4.5 Summary 

In this chapter, a novel, fast, accurate, and non-destructive technique has been 

invented to extract the two most critical device parameters in the SAGCM APDs - xd and 

oactive. To the author's best knowledge, the innovative use of V,,,, obtained •’tom simple 

DC photocurrent measurements in this technique is novel. The technique is tested on two 

wafers, and the extracted values agree very well with the independent measurements 

within both the experimental and extraction errors. 

The systematic errors have been considered in detail. The ionization in the absorption 

layer is found to cause significant errors only when FNheter is higher than 17 Vlpm; that is, 

xd is increased by - 0.03 pm and oactiVe is decreased by - 0 . 1 ~ 1 0 ' ~  ~ m - ~ .  The correspond- 

ing Vbr is about 90 V if xd is 0.4-0.5 pm. This effect is negligible for 90% of the APDs 

from a wafer. Also, it is found that for further modelling, Pearsall's rather than Osaka's 

InGaAs ionization rates are more consistent with this model and the experimental results. 



The simplification of the zero doping concentration in the multiplication layer is 

found to cause very small systematic errors. The selection of either Umebu's or Cook's 

InP ionization rates is found to cause large systematic errors, but in opposite directions. It 

has been argued that the best choice for the extraction and further investigations are Osa- 

ka's values. 

The largest systematic error is contributed by the simplification of no ionization in the 

charge layer. xd is increased by less than 0.03 pm and oaaiv, is decreased by less than 

0.1x1012 cm-2. The combination of this simplification, and the simplification of no ioniza- 

tion in the absorption layer will cause an unacceptable error 0.2x1012 ~ r n - ~  in oacti, when 

Vbr is larger than 90 I? However, for the overwhelming majority of the APDs, the system- 

atic errors are acceptable, and are dominated by the simplification of no ionization in the 

charge layer. 

The random errors are contributed by the experimental errors of V,,,, and Vbp and 

by the fabrication and calibration errors of the device parameters used in the extraction. 

The uncertainties in Vmesa and tundOped are the dominant contributing sources of the ran- 

dom errors, and the overall random error for xd is about f0.05 p, and for Gactive about 

f0.09~10~~ ~ m - ~ .  

This technique is applicable to SAM and SAGM APDs to some extent with the modi- 

fication that the multiplication layer is heavily doped. The critical device parameters in 

those devices are the doping concentration and the thickness of the multiplication layer. 

However, it will be less accurate since the electric fields in the multiplication layer change 

significantly over the layer. The physical model established here is very useful for further 

investigations on the planar SAGCM InP/InGaAs APDs, and the extraction technique 

makes it possible to conduct detailed quantitative modelling. 



Chapter 5 Photogain 

In the previous chapter, a detailed description of a new technique to extract some crit- 

ical device parameters was given. The next step in the process is to use the extracted and 

known device parameters of the APDs for prediction of important performance character- 

istics, such as DC multiplication gain (photogain), breakdown voltage, bandwidth, and 

noise. In this chapter, the photogain versus bias voltage (M-V) characteristics for a num- 

ber of devices are investigated. The Miller empirical formula [89][90] invented for Si and 

Ge M-V characteristics is applied for the first time to the M-V characteristics of the 

SAGCM InP/InGaAs APDs. A physical model is developed to interpret the experimental 

M-V characteristics, and possible improvements/confinnations to the device parameter 

extraction technique are also discussed. 

5.1 Introduction 

Analytical expressions of the M-V characteristics are very useful when estimating the 

bias voltage required for a particular operating M. They also make possible the derivation 

of analytical expressions for the differentiation of M with respect to V required to extract 

the ionization rates, since numerical differentiation may introduce unwanted spikes and 

noise. With an analytical expression for the M-V characteristics, it is also possible to 

investigate gain saturation effects, such as those due to parasitic and load resistances, 

space charge, and heating. The well-known Miller empirical formula for the M-V charac- 

teristics in APDs has been used successfully in the cases of Si [go] and Ge 1891 APDs. 

However, this formula has never been investigated systematically for InP-based APDs. In 

addition, the Miller formula makes it possible to extract the true experimental breakdown 

(at which the current through the device is infinite). In some cases, it is possible to deter- 
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mine if the breakdown is truly due to impact ionization or to some other mechanism such 

as tunneling, as shown soon. 

It is relatively simple to physically model the M-V characteristics for an arbitrary 

electric field variation and distribution of injected carriers with eqn. (2.10) when the elec- 

tron and hole ionization rates are known, as in the case of Si [87]. As a matter of fact, the 

electron and hole ionization rates are determined by the inverse of this procedure under 

the condition of pure electron and hole injections [56]. The determination of the electron 

and hole ionization rates in InP was performed from a differentiation of M-V curve 

[83][84][85][86]. Therefore, they cannot be translated directly into an M-V curve without 

some assumptions regarding quantum efficiency and unity gain [86]. 

Photogain versus bias voltage, along with breakdown voltage, bandwidth and noise, 

are the most critical performance characteristics of APDs. Thus, it is important to theoret- 

ically predict the M-V characteristics. However, physical modelling of the M-V character- 

istics in InP-based SA(GC)M APDs has never been done before, except that the M-V 

characteristics of SAGM InP/InGaAs APD have been calculated as a consistency check 

[26][27] with the doping concentration in the multiplication layer taken as an adjustable 

parameter to provide a better fit. Therefore, calculation of the M-V characteristics will be 

a good test of the device parameter extraction technique discussed above, and it may even 

offer some insights into possible improvements to the extraction technique. 

Planar SAGCM InP/InGaAs APDs are almost ideal for studying the M-V characteris- 

tics as it is shown soon. However, two obstacles must be overcome when dealing with M- 

V characteristics in any type of APDs. One is how to define unity gain, and the other is 

how to maintain a constant primary photocurrent (quantum efficiency) throughout the bias 

voltages, or how to calculate it when it is voltage dependent. The photogain M in planar 

SAGCM InP/InGaAs APDs is conveniently self-calibrated and the quantum efficiency 



does not change with bias voltage. The gain of other types of InP/InGaAs APDs must be 

calibrated with another photodiode or, unity gain is defined at an arbitrary low voltage, or 

at punchthrough voltage V,,,, in mesa SAM InPhGaAs APDs [18][24], which is not 

necessarily correct [39]. For voltage dependent quantum efficiency in APDs, complicated 

baseline fitting must be employed to account for this effect 1861. The calibration of M and 

baseline fitting not only make the theoretical model more complicated, but more irnpor- 

tantly, they introduce extra large uncertainties. 

As discussed below, the primary photocurrent (quantum efficiency) for the planar 

SAGCM InP/InGaAs APDs is independent of the bias voltage for the voltage range 

v > vann, and M is indeed unity when van, < v < vmesa, as shown in Figure 4.2. 

When van, < vc vmesa, the periphery region of the InGaAs absorption layer is depleted 

whereas the central active region is not. The energy barrier at the InP/InGaAs heterointer- 

face in the central active region stiU blocks the holes photo-generated in the absorption 

layer horn passing. Because of the very high quality of the InGaAs semiconductor, the 

hole lifetime is about 18.5 ps and the diffusion length is about 140 pm [79]. Therefore, the 

long-lived photo-generated electron-hole pairs in the central active region can diffuse lat- 

erally to the periphery region, and are collected by the terminals since the energy barrier in 

the periphery region is diminished. The photocurrent is constant over this range, and the 

gain is unity since at these low bias voltages the gain is due to impact ionization in the 

periphery region. This is strongly supported by the experimental photocurrent. Should the 

gain not be unity within this bias range, the photocurrents would not be constant. It should 

be noted that the multiplication gain due to the impact ionization in the central region is 

not necessarily unity. However, this multiplication gain is irrelevant to the photocurrent 

since the photocurrent does not flow through the central active region at all. This is one of 

the very unique features of planar SAGCM APDs with partial charge sheet in the periph- 



ery as the photogain is calibrated automatically in this bias range. The existence of the 

unity gain bias voltage region is only observed in our high quality planar SAGCM APDs 

with partial charge sheet in device periphery, or high quality planar SAGM InPhGaAs 

APDs with preferential lateral extended guard (PLEG) ring [25]. 

When v> vmrSo, the energy banier in the active central region is diminished, and the 

photo-generated holes can pass through the central active multiplication region. In the 

case of a completely depleted absorption layer (vr vdep,,, Vdeplefed is about 10-15 V 

higher than V,,,,), the holes photo-generated in the absorption layer drift through the 

central region. In the case of an incompletely depleted absorption layer, the holes photo- 

generated in the undepleted absorption region diffuse vertically along the central regions, 

since it is much shorter than to diffuse to the periphery region. Both the holes diffusing to 

the depleted absorption region, and the holes photo-generated in the depleted absorption 

region are collected through the central region. Therefore, when v >  vmesa, all the holes 

photo-generated in the absorption layer are collected through the central region, and the 

primary current is the same as when van* < v < vmesa. However, the energy barrier at the InP/ 

InGaAs interface in the central region does not disappear at v = vmesa. The energy barrier 

at the heterointerface may prevent the hole current flow through the central region. In this 

case, the blocked holes will diffuse laterally to the periphery and are collected through the 

periphery region. 

Let's estimate this extra voltage above Vmesa required to eliminate this hole blockage 

completely. The valence band discontinuity of InPhGaAs junction is about 0.36 V, which 

spreads over the thickness of the grading layer. Therefore, the electric field at the hetero- 

interface Fheter of 0.36V/O.lj~m = 3.6Vlpm is approximately strong enough to eliminate this 

energy barrier. This means that an extra 3 V above V,,,, will eliminate this hole blockage 

caused by this energy barrier. It should be noted that this phenomenon is different from 



hole trapping phenomena, which is an high frequency phenomenon. Therefore, when 

v> (vmesa + 3v) , the primary current through the central active region does not change with 

bias voltage and is the same as the primary current (through the periphery region) when 

vann < v < vmesa. It should be also noted that when v > (vmesa + 3v) the multiplication gain in 

the periphery region does not contribute to the photocurrent since the photocurrent does 

not flow through it and the gain may not be unity. The photocurrent and its differentiation 

with respect to V starts to increase monotonically due to the increased impact ionization 

multiplication until the bias voltage reaches the avalanche breakdown voltage Vb, The 

existence of the unity gain and the voltage independent quantum efficiency in our devices 

make it possible to calculated the photogain directly, as shown in Fig. 2, and more impor- 

tantly, they make empirical and physical modelling more reliable. 

Another important advantage of SAGCM APDs is that the electric field in the multi- 

plication layer is uniform. This significantly simplifies the mathematics involved. More 

importantly, it eliminates the complicated dead space correction encountered in conven- 

tional APDs with a heavily doped multiplication layer [88]. All these advantages allow for 

a more accurate modelling of the M-V characteristics in planar SAGCM InP/InGaAs 

APDs. 

5.2 Empirical formula 

5.2.1 Theory 

The Miller empirical formula is given by 

where VB is an adjustable breakdown voltage, and r is an adjustable positive power coeffi- 

cient. The formula is numerically displayed in Figure 5.1 for different r values. VB is dif- 



ferent than the experimental Vbr which is defined as the voltage at which the photocurrent 

is - 10 FA. Certainly, VB is the most appropriate breakdown voltage from the physical 

point of view. However, Vbr is usually only 0.5 V smaller than VB, and both of them may 

be used interchangeably. To fit the experimental data, it is better to fit 

log ( 1 - 1 /M) = rlog ( V / V B )  , 

which can be performed conveniently as a linear regression. 

Figure 5.1 Empirical formula for M-V characteristics with different r. 

5.2.2 Results and discussions 

Photocurrents (photogains) versus bias voltage for 9 APDs kom wafer P623 were 

measured. These 9 APDs showed different Vbr and can be divided into four groups 

according their Vbr and V,,,,, besides APD4. In fact, two APDs in each group are from 

the same area on the wafer. Each experimental M-V characteristics is fitted to the Miller 

empirical formula with 95% confidence, and the results are given in Table 5.1. The uncer- 

tainty for VB is - 0.02 V, and for r, it is less than 0.006 for all the APDs. 



Table 5.1 The fitted parameters for 8 APDs from wafer P623. All voltages are in volts. 

One of the typical fits (APD32) is illustrated in Figure 5.2. The fit is very well from 

Vm,,,+3V to Vbr, and VB is only about 1 V higher than Vb, The extra 3 V is required to 

completely eliminate the hole blockage, and it c o n f i m  the estimate as given above. How- 

ever, the estimation is done for the most optimized condition; that is, there are no other 

photocurrent shunt flow paths, and no other hole recombinations at the heterointerface (for 

example, due to interface defects). As a matter of fact, in some devices, up to 5 V extra 

bias voltage is required to eliminate the hole blockage. Therefore, to be consistent, all the 

fittings are done to data points for M>5. In addition, the higher photogain region is more 

relevant to the APD's design requirement. Even though the fit of log(1-11M) does not 

agree to the experimental data at lower gains from the graph, it does not undermine the 

integrity of empirically fitting M-V characteristics, as can be seen from the M-V curves. 

This fitting is also performed on some APDs from wafer P624 (APD27, APD28, APD29, 

and APD30), and very satisfactory results are obtained. 

One of the 10 APDs examined (APD 5, which is not listed in Table 5.1) has an abnor- 

mal value of extracted r (0.41) as shown in Figure 5.2, a value much smaller than the value 

of r for the other APDs (r - 1) with comparable breakdown voltage. In this case, a non- 

zero gain will be extrapolated at zero bias voltage for this experimental M-V characteris- 

tic. The reason remains elusive. This implies that fitting to the Miller empirical formula 

may even be useful for monitoring the measurements. 



Figure 5.2 A typical fitted M-V characteristics (APD32) to the Miller empirical formula 
for M>5 data. The solid and dashed lines are the fitted and experimental 
characteristics, respectively. (a) M-V. (b) (1.- 1/M) - V. 

Figure 5.3 A fitted M-V characteristics (APDS) to the Miller empirical formula with 
unreasonable r (0.41). The solid and dashed lines are the fitted and experi- 
mental characteristics, respectively. (a) M-V. (b) (1- 1/M) - V. 



Because r does not have clear physical meaning, an empirical r-Vbr relation between r 

and Vbr is useful for device screening and modelling. Vbr is chosen since it is probably the 

most easily and frequently measured quantity of APDs. Plotting r versus Vbp the APDs 

studied results in the graph shown in Figure 5.4, and this includes the APDs from both 

wafer P623 and P624. Form the plot, an empirical linear relation between r and Vbr can be 

obtained as 

r = (- 0.06 f 0.13) + (0.020 f 0.002) Vbr . 

Figure 5.4 Empirical relation between r and Vb, The symbols are from the APDs, and 
the solid line is eqn. (5.3). 

To examine the merit of this empirical r-Vbr relation, two APDs with extracted r values 

that deviated most from the empirical relation r-Vbr shown in Figure 5.4 were selected, 

and the new M-V characteristics were recalculated using r values obtained from the 

empirical r-Vbr relation with Vbr as input parameters, and the results are shown in Figure 

5.5(a) and (b) respectively. The difference between r obtained from the empirical r-Vbr 

relation and the experimentally extracted r is - 0.1. It causes little change for the APD 

(APD34) with higher Vbr (70V), while it causes visible change for the APD (APD37) with 

lower Vbr (46V). This occurs because the M-V characteristics for APDs with lower r val- 

ues (lower Vbr) are more sensitive to a variation of r than for APDs with higher r values 
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(higher Vbr). Therefore, r obtained fiom the empirical r-Vbr relation can reproduce well 

the experimental M-V characteristics for the APDs with Vbr larger than 60 V. As for 

APD37, the discrepancy in bias voltage corresponding to M=5 and 10 is 0.8 and 0.6 V 

respectively, and the discrepancy in M for V=0.9Vbr is 2 (M=13), which is caused by the 

steep slope there. Therefore, it is still reasonably accurate to estimate the bias voltage for 

M=10 even for APDs with Vbr less than 60 V. 

Figure 5.5 The re-calculated M-V characteristics with Miller empirical formula, using r 
obtained from r -Vbr empirical relation (eqn. (5.3)). (a) APD37, r=0.857. (b) 
APD34, r=1.349. 

One of the design objectives is to have lower operating voltages. Thus, it is important 

to design APDs with low breakdown voltages. Since r generally increases with Vb, the 

normalized voltage V/Vbr is lower for the APDs with lower values of Vbr than for the 

APDs with higher values of Vb, for achieving the same photogain M, as can be seen from 

Figure 5.1. Therefore, it is more beneficial to design APDs with lower breakdown volt- 

ages since this translates to even lower operating voltages. For Si APDs, r has been found 

to range between 1.9 and 4.0 (with Vbr between 34 and 48 V), which are significantly 

higher than the r values found here. This means that M is lower in Si APDs than in 

SAGCM W/InGaAs APDs at a same normalized voltage, and this is mainly due to differ- 

ent ionization rates in Si and W. 



It appears that gain saturation effects [56] such as parasitic and load resistances, space 

charge effect, and heating are not important, at least to the maximum gain of 100 with 

light input power of approximately 0.1 pW. These gain saturation effects can be combined 

analytically as a series resistance, but the calculation discussed above does not need this 

series resistance to reproduce the experimental M-V characteristics. The reason for this is 

that the photocurrent is 10 pA at breakdown, and therefore, a 50 kQ series resistance is 

needed to make some difference, but such a large resistance is highly unlikely. 

Even though the Miller empirical formula can account for the general features of the 

M-V characteristics, deeper insight of the M-V characteristics requires a physical model. 

In addition, the empirical r-Vbr relation has only been tested on APDs with a relatively 

smaller range of xd (0.4-0.6 pm), and it may not be adequate to describe the M-V charac- 

teristics of APDs with significantly different values of xd. A physical model will not suffer 

from such limitations. 

5.3 Physical model 

53.1 Theory 

Physical modelling of M-V characteristics can be derived easily from the general for- 

mulas presented in chapter 2. With the identical assumptions and simplifications as in the 

standard technique for device parameter extraction, the electric field in the InP multiplica- 

tion layer at bias V is given by 
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The depletion depth t(V) at bias V is given by 

The photogain M(V) at bias V can be derived from the more general formula eqn. (2.8), 

when the electric field in the multiplication layer is constant, and it is given by 

where xd and oCbarge are extracted with V,,, and VB, and VB is extracted by fitting the 

experimental M-V characteristics to the Miller empirical formula as just discussed. VB is 

better than Vb, in reproducing the experimental M-V characteristics. 

5.3.2 Results and discussions 

To compare the physical model predictions to experiments, all 14 APDs discussed 

above are investigated again. A typical good and a typical fair match between the theoret- 

ical and experimental M-V characteristics are shown in Figure 5.6(a) and Figure 5.6(b), 

respectively, and even the agreement in the fair matchis quite acceptable. There are about 

an equal number APDs with good and fair matches, as well as one APD which did not 
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give good agreement (APDS) as expected. It can be concluded that the physical model is 

successful, considering that many parameters are only estimated from the MOCVD 

growth conditions, rather than from direct measurements. The success indicates that both 

the physical model and the arguments in converting Ip-V into M-V are correct 

Similar to what has been found in the Miller empirical section, the physical model 

predicts that the normalized voltage V/Vbr is lower for the APDs with lower values of Vbr 

than for the APDs with higher values of Vbr for achieving same photogain M. Recall that 

o, , ,~  (which is proportional to the electric field discontinuity AF between the multiplica- 

tion and absorption layers) is higher in the APDs with lower Vb, and the bias voltage is 

mainly dropped across the absorption layer. Then denoting the electric field in the multi- 

plication layer FM under the bias voltage VM at photogain M, it can be shown that 

VM/Vbr = (FM-AF) / (F,,  - AF) = 1 - (Fbr-FM) / (F,, - AF) . Therefore, VM/Vbr is smaller 

when AF is larger. 

Figure 5.6 Physical modelling of M-V characteristics (solid lines). The dashed lines are 
experimental data. (a) Good match. (APD32) (b) Fair match. (APD34). 

It is very interesting to note that the theoretical M is not unity at the bias voltage 

V,,,,, as has been discussed in the introduction. This non-unity phenomenon is more 



severe for the APDs with lower Vbr's than for the APDs with higher Vbr's. For the exam- 

ples in Figure 5.6, assuming unity gain at V,,, would cause more than 50% error in M 

for the APD with lower Vb, and 10% for the APD with higher Vbr The electric field in 

the central multiplication layer has been built up before the bias voltage reaches V,,,,, 

and the multiplication gain is larger than unity, but it does not contribute to the photocur- 

rent because there is not injection of carriers to the central active multiplication layer. This 

is why the Miller empirical formula is adequate to interpret p-n APDs as well as this type 

of complicated APDs, since it predicts non-zero multiplication gain as long as the bias 

voltage is non-zero. 

The curvatures of the theoretical M-V characteristics when vmcsa < v c  vlmesO is quite 

different than the curvatures when v> vtmercsa, and this is in general agreement to the exper- 

imental observations. This general agreement is due to the highly doped InGaAs layer, 

which modifies the slope of the electric field Fm against the bias voltage as shown in Fig- 

ure 5.7. 

B l u  V 01) 

Figure 5.7 The electric field Fw versus the bias voltage V for APD32. 

Another interesting point confirmed is that the absorption layer is not completely 

depleted until at a bias voltage much higher than V,,,, is reached, as shown in Figure 
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5.6(a). This effect is particularly important for the APDs with lower Vbr It is obvious that 

a slow diffusion tail in the photoresponse will be observed at higher frequencies. How- 

ever, this will not occur for the DC photogain described here. More importantly, this 

would not cause the normally observed variation of the quantum efficiency over a voltage 

bias range, as explained in the introduction. This phenomenon is confirmed by the good 

agreements between the theoretical and experimental M-V characteristics. 

The agreements between the experimental data and the Miller empirical M-V charac- 

teristics are always good, while the agreements between the experimental data and the 

physical modelling are only good for half the APDs examined. This is not surprising since 

the empirical formula is also a good curve-fitting scheme. The discrepancy in bias voltage 

between the experiment and the physical model predictions for M=5 and 10 is 2.6 and 1.6 

V respectively, and the discrepancy in M for V=0.9Vbr is 2 (M=7), which is caused by the 

steep slope there. Therefore, this physical model is adequate to physically model M-V 

characteristics except for the bias range close to breakdown, and totally adequate to model 

in logarithm scale as usually required. 

5.3.3 Improved physical model 

In the device parameter extraction discussed in last chapter, the device parameters, 

such as tInP tgrading, tundoped, NG, ND and %GaAs, can be adjusted within their respective 

experimental uncertainties. In addition, the physical model may be modified to include the 

effects of the ionizations in the charge and absorption layers. However, any modifications 

in the above device parameters, or any modification of the physical model, will cause cor- 

responding changes in the extracted values of xd and oCharge. 

If similar modifications are made in the physical modeling of M-V characteristics, 

then xd and ocharge will have to be re-extracted. As a matter of fact, the theoretical M-V 



characteristics calculated using extracted xd and cCharge will ensure a perfect match of two 

unique points in M-V characteristics - V,,, and Vbr It is clear that this physical model of 

M-V characteristics is not truly ab initio but is rather self-consistent. 

The inclusion of the ionization in the absorption layer modifies M(V) of eqn. (5.7) 

into 

al and pl are calculated with the electric field in the multiplication layer (eqn. (5.4)). It is 

easy to check that if the ionization in the absorption layer is ignored, the above equation 

becomes eqn. (5.7). The inclusion of this effect makes very little difference in the theoret- 

ical M-V characteristics. Since all the APDs examined have a Vb, 70 V or lower, then as 

expected, ionization in the absorption layer contributes little to the photogain. 

The inclusion of the ionization in the charge layer modifies M(V) of eqn. (5.7) into 

Similarly, the inclusion of this effect makes very little difference in' the theoretical M-V 

characteristics. The self-consistency is largely responsible for this negligible difference. 

Perhaps a better example to demonstrate the self-consistency are the theoretical calcu- 

lations with the other reported InP ionization rates, such as Umebu's [83] or Cook's [84]. 



This makes very little difference in the theoretical M-V characteristics as shown in Figure 

5.8, even though it makes significant difference in the extracted device parameters. Inde- 

pendent and accurate measurements of xd and ochxge are the only way to decide which 

InP ionization rates are better. 

20 30 40 50 w 

Bias V 01) 

Figure 5.8 The theoretical M-V characteristics for APD32 calculated with Osaka's InP 
ionization rates (solid line), with Umebu's (dotted line), and with Cook's 
(dashed line). 

Other device parameters used in calculating the theoretical M-V characteristics are 

also examined to seek any improvement within their respective uncertainties, and they are 

listed in Table 5.2. All the parameters make little difference to the theoretical M-V charac- 

teristics except the device parameter bdOPed. Clearly, &doped is the only parameter 

which may improve the agreement between the theoretical and experimental M-V charac- 

teristics. For the particular wafers investigated here (wafer P623 and P624), b d o p e d  is not 

directly measured. The default value of 3.8 pm is estimated from the argument that b -  

doped is equal to its value from calibration wafers with identical nominal MOCVD growth 

conditions. The uncertainty of b d o p e d  (+I- 0.2 pm) refers to the variation among APDs 
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from the same wafer. It is found that it is always possible to find one particular value 

between 3.6 to 2.9 pm for each of the APDs with which the agreement the theoretical and 

experimental M-V characteristics is best, as shown in Figure 5.9. A best value of bdopdopai 

is determined by minimizing the sum of the square of the differences between the experi- 

mental and the theoretical M-V characteristics at all measured bias voltage points 5 V 

higher than V,,,, and 2 V lower than Vb, Certainly, for each individual APD, a range of 

values for bdoped can be found to obtain a reasonable agreement, which is much better 

than the typical good fit as shown in Figure 5.6(a). This range is typically k0.3 p. 

Table 5.2 The effects to the theoretical M-V characteristics due to the uncertainties of 
some device parameters. The thickness is in pm, the dopin concentration is in B 1015 and the integrated areal charge density is in 10 

a0 

Figure 5.9 

Default 
Uncertainty 

M-V 

A typical almost perfect matched M-V characteristics. The solid and dashed 
lines are the theoretical and experimental M-V characteristics, respectively. 
(a) APD32 with rund ope, = 3.4pm, and (b) APD34 with t u,w, = 2.9p. 
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This process offers an improvement over the previous described parameter extrac- 

tions. Basically, by fitting the entire M-V characteristics (including V,,,, and Vbr), three 

device parameters can be obtained simultaneously, i.e., xd, cCharge, and hoped. Measur- 

ing photocurrent Ip versus bias voltage V at room temperature should be mandatory for 

device characterization, modelling, and screening, since much information can be 

obtained from this simple measurement. 

From a physical modelling point of view, the best compromised value of &doped for 

all the APDs from wafer P623 is 3.2 pm. This new default value gives a better fit than the 

previous estimated value (3.8 pm). The new theoretical M-V characteristics are displayed 

in Figure 5.9. The shift in bias voltage (the worse case in the graph) for M=5 and 10 is 1.0 

and 0.7 V, respectively, and the shift in M for V=0.9Vbr is 0.7 (M=7. I), which is caused by 

the steep slope there. Therefore, the physical model with this new default value is 

improved, and it is adequate to theoretically calculate the M-V characteristics in SAGCM 

InP/InGaAs APDs. 

Figure 5-10 The theoretical M-V characteristics (solid lines) with new default value 

tttndoped = 3.2pm.  The dashed lines are experimental data. (a) APD32. (b) 
APD34. 



However, it should be cautioned that the curvatures of theoretical M-V characteristics 

also strongly depends on the slope of al and P1 with respect to 1/F in addition to the value 

of Ldoped. It will be demonstrated in the next chapter that the curvatures of the theoretical 

M-V characteristics are significantly different when it is calculated using al and P1 with 

different slopes. However, Osaka's ionization values are most trustworthy, and it is sup- 

ported by four more experimental data (Umebu's [83], Cook's [84], Armiento's [85], and 

Taguchi [9711) as far as the slope is concerned. In other words, the selection of a1 and PI 
is critical to both the absolute values of the extracted device parameters (xd, Odarge, and 

bdoped) and the absolute correctness of the theoretical M-V characteristics. However, the 

consistency is much more important and this does not depend on the selection of al and 

P1. 

5.4 Summary 

In this chapter, I have demonstrated both experimentally and physically that for our 

planar SAGCM InPIInGaAs APDs that the photogain is unity when vann < v < vmesa, and the 

quantum efficiency does not depend on the bias voltage. The Miller empirical formula for 

M-V characteristics is shown to be very appropriate to our APDs with r between 0.6 and 

1.5, and an empirical relation between the power coefficient r in the Miller empirical for- 

mula and experimental Vb, is derived. Finally, a physical model of the M-V characteristics 

is developed and proven to be successful in interpreting the experimental data from our 

APDs. It is also found that b d o p e d  can be extracted from the experimental M-V character- 

istics - an improvement to the device parameter technique developed in the last chapter. 

The inclusion of the ionizations in the charge and absorption layers are not important in 

modelling the M-V characteristics. 

1. At room temperature, al (0 = 920 . exp (-344/F), p (F) = 430 . exp (-272/F) . 
1 
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Chapter 6 Temperature dependence of breakdown voltage 
and photogain 

Temperature dependence of breakdown voltage is one of the critical performance 

parameters of APDs for coolerless applications. However, there has not been any theoreti- 

cal modelling of temperature dependence of breakdown voltage in any types of InP-based 

APDs, even though a few early experimental works were published [96] [I81 [7O][lO 11. 

Maybe one of the reasons is that a large discrepancy can be found between the temperature 

dependence of al and P1 reported by different authors [95][96][97] [98]. Therefore, it is 

important to examine this discrepancy for future modelling. 

In this chapter, the temperature dependence of breakdown voltage Vbr in SAGCM 

InP/InGaAs is investigated [101][101]. Detailed experimental results of the breakdown 

voltages for temperature from -40 "C to 110 OC of the SAGCM APDs having a range of 

device parameters, including a small sub-linearity at higher temperatures are reported. A 

physical model of temperature dependence of breakdown voltage, as well as numerical 

results are presented with a full account of all important device details. Then the model is 

tested on other types of InP-based APDs from the published literature. Finally, the temper- 

ature dependence of the M-V characteristics is discussed. 

6.1 Theory 

The device parameters extraction technique ensures a perfect match of Vbr at room 

temperature since xd and Gcharge are extracted using Vbr at room temperature. Vbr at any 

temperature can be calculated from eqn. (4.2) once ocharge and xd are determined, and Fbp 

calculated from eqn. (4.3), is the only variable which is a strong function of temperature 

for the temperature range investigated here. The temperature dependence of Fbr is mainly 

due to the temperature dependence of a1 and PI, as can be seen from eqn. (4.3). The ion- 
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ization in the InGaAs absorption layer can be ignored for a first-order approximation, and 

this is discussed in detail later. 

A generalized theory (Baraff theory) for the impact ionization process in semiconduc- 

tor has been developed [91] in terms of the threshold energy Ei, the average energy loss 

per phonon scattered E, and the carrier mean free path h from optical-phonon scattering. 

Unfortunately, this formula is not very convenient for modelling since it can only be 

numerically calculated. Later, an analytic expression (Okuto-Crowell theory) applicable 

for a wide range of electric fields was given in [92] and it is 

(6.1) 

where F is the electric field. Assuming that the energy loss per unit path length is indepen- 

dent of temperature, then the temperature dependence of E, and h were obtained [93] as 

and E,, and h, are the values of E, and h at 0 K. Furthermore, the temperature dependence 

of Ei can be assumed to be the same as the temperature dependence of the bandgap energy 

E~(T) (eV), and for InP [94] it is given by 

where T is in degrees Kelvin (K). 

In principle, al and P1 can be completely determined once Ei, E, and h at one partic- 

ular temperature (room temperature) are known. In general, some or all of the parameters 

in the Okuto-Crowell theory are adjusted to fit experimentally measured al and P1 at 

room temperature. However, a large discrepancy can be found between Ei, E, and h 

reported by different authors [95] [96][97] [98] (Table 6.1). Different parameters used for 
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fitting and the discrepancy between experimentally determined al and P1 are the main 

reasons for this large discrepancy. Note that, to the author's best knowledge, Ref. [97] is 

the only work where the temperature dependence of al and P1 is experimentally deter- 

mined, and its a1 and pl at room temperature are close to Osaka's values [32] for electric 

fields from 50 to 60 Vlpm. 

Table 6.1 Ei, E, and h at 300K for InP from references. Ero and A. are calculated from 
eqn. (6.2) except in Ref. [97], where they were determined by fitting experi- 
mental al and pl at a few temperatures. 

6.2 Experimental results 

al 
Dl 
al 

The temperature dependence of our APDs was measured by placing devices in a vari- 

able temperature oven (-80 to 200 "C). The temperature uncertainty of the devices is - 1 

O C .  The dark current versus (reverse) bias voltage was measured with an HP 4145B Semi- 

conductor Parameter Analyzer (SPA), and the accuracy of measuring DC currents is - 1 

PA. 

Typical (APD32) dark currents versus bias voltages at different temperatures are 

shown in Figure 6.1. The breakdown is impact ionization breakdown since it shows a hard 
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breakdown rather than a soft breakdown, as in the case of Zener tunneling breakdown 

[70]. The experimental Vbr is defined as the voltage corresponding to 10 pA through the 

APD. Experimental Vbr as a function of temperature from -40 O C  to 110 O C  are shown as 

symbols in Figure 6.2 for three APDs (APD14, APD32 and APD34) with different room 

temperature Vbr from the same wafer (P623). 

Figure 6.1 Typical (APD32) dark currents versus bias voltages for different tempera- 
tures. The breakdown voltage is defined as the voltage at which the dark cur- 
rent is 10 pA. 



Figure 6.2 The Vbr as function of temperature from -40 OC to 110 OC for three APDs. 
The symbols are experimental data, and the solid lines are linear fits. 

Experimental Vbr at temperature T can be approximated as a linear function of T 

where Vbr(0) is Vb at 0 OC, T is in OC, and qeq is the experimental temperature coeffi- 

cient of Vb,(T). For a first order approximation, the experimental Vbr(T) is well repre- 

sented by eqn. (6.4). However, a close examination reveals that qeXp is different at lower 

and higher temperatures for each APD. By linearly fitting the experimental data for all 

temperatures (-40 to 105 OC, AVE), for lower temperatures (-40 to 0 "C, LT), and for 

higher temperatures (50 to 105 OC, HT), respectively, different qe, have been found and 

they are listed in Table 6.2. In addition, there is a small variation of qexp(AVE) among the 

APDs ranged from 0.16 to 0.13 VI0C. To c o n f i i  the existence of these second order vari- 

ations, photocurrents versus bias voltages were also measured for different temperatures 

for each APD, and the experimental Vbr(T) is extracted from this measurement. A similar 

trend can be confirmed from these experimental Vbr(T). A very generous estimation of 



measurement error in qexp is f0.05 VIoC. 

Table 6.2 The linearly fitted q, and Vbr(0) for the APDs, for all the temperatures (AVE), 
"g for between -40 to 0 C (LT), and for between 50 to 105 "C (HT). qeV is in the 

unit of V/"C and Vbr(0) in Y 

6.3 Discussion 

The extracted xd and for the three APDs (with Taguchi's [97] al and PI at 

20 "C) are Listed in Table 6.3. The extractions are performed with the parameter extraction 

standard technique, using V,,,,, which hardly change with temperature, and Vbr at 20 OC. 

The extracted xd does not change significantly among the APDs with different Vb, 

whereas the extracted ocharge for the APDs with large Vbr is noticeably smaller than for 

the APDs with smaller Vb, This extraction procedure is repeated whenever a different set 

of a1 and pl is used for calculating Vbr(T). Note that 3.2 pm rather than 3.8 pm is used as 

the value of bdoped  to be consistent with the results presented in chapter 5. 

Table 6.3 The input parameters and the extracted device parameters for the SAGCM 
APDs. 

- - -- - - 

The theoretical Vbr(T) for the three APDs calculated with each set of al and p1 in 

Table 6.1 are displayed in Figure 6.3(a-d), respectively. These figures show that it does not 



matter which al and P1 is used; that is, despite which set of parameters is used in the 

Okuto-Crowell theory, the theoretical Vbr(T) is very close to a linear function of T, 

and the theoretical temperature coefficient qthe, calculated with a particular set of al and 

pl, does not change from one APD to another. For example, the linearly fitted q&e is 

o . i 5 4 ~ 0 . 0 o i v / ~ c ,  calculated with al and P1 from [97] and 0.105 * o . o o i ~ / ~ c  from [98]. 

The theoretical Vbr(T), which agree best with the experimental data for all the APDs, 

are the ones calculated with a1 and P1 from Taguchi's [97], as shown in Figure 6.3(c). 

Because of this good agreement, and the fact that they are the only experimentally deter- 

mined al and $1 at a few different temperatures, this set of al and PI (or this set of param- 

eters in the Okuto-Crowell theory) is considered most reliable, at least as far as the 

temperature dependence is concerned, and this set will be used in the rest of this thesis. 

A typical (APD32) calculated Fbr(T) from eqn. (4.3), eqn. (6.1) and eqn. (6.2) is 

shown in Figure 6.4. It can be proved generally that Fbr(T) is a linear function of tempera- 

ture T, which is not easy to see from the equations. Since Fbr depends only weakly on xd, 

its temperature coefficient aFbr/az' does not vary much among the APDs investigated here, 

and it is approximately 3.84 - lo-' ( v /  ( p m  . OC) ) . Therefore, qbe  can be related to the temper- 

ature coefficient of Fbr from eqn. (4.2) analytically, and it is given by 

aVbr aFbr a%, (6.6) 
%he = 7 = ( x d + t I n ~  + tgrading+fundoped)  = 7 . 4.0pm. 

The numerical value is obtained if it is assumed that xd = 0.54pm. The variation of xd among 

the APDs is too small to significantly change this numerical value. Thus, it can be analyti- 

cally calculated that qthe = O.l54V/OC, which is identical to what has been numerically cal- 

culated. 



Figure 6.3 The theoretical Vbr(T) (solid lines) calculated with al and P1 from Refs. (a) 
[95], (b) [96], (c) [97], and (d) 1981. The symbols are experimental data. 
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Figure 6.4 The theoretical Fbr(T) for APD32 calculated with al and PI from Taguchi's. 

This analytical expression offers some physical insights which are not obvious from 

the numerical calculations. For example, it is now easy to explain the small but discernible 

variation of qexp among the APDs (Table 6.2) which cannot be accounted for, regardless 

of the choice for the parameters in Okuto-Crowell theory. From eqn. (6.6), it is clear that 

only a variation of fundoped is possible to cause this small variation of qeq since the varia- 

tions of the other thicknesses there are too small. For example, if tundoped = 3.8pm, then the 

theoretical value of aV#T becomes approximately O . ~ V / O C .  

At higher temperatures, the theoretical and experimental Vb,(T) has a visible discrep- 

ancy for all the APDs, but particularly for APD34 (Figure 6.3(c)). The neglect of ioniza- 

tion in the InGaAs absorption layer may be the possible reason. F'heter at room 

temperature for APD34 is much larger than for other APDs (Table 6.3), and it is expected 

that the contribution from the ionization in the InGaAs absorption layer is largest for 

APD34. 



The only reported parameters for the Okuto-Crowell theory for ionization in InGaAs 

from the literature [98] is listed in Table 6.4, and this was fitted to Pearsall's experimental 

data at room temperature [82]. The bandgap energy (Eg) for InGaAs is given by [94] 

Eg (T )  = 0.822- 
4.5 . lo4? 

T+327 ' 

where T is in degrees Kelvin. It must be emphasized 

(6.7) 

that there are no reports about the 

temperature dependence of % and p2, and the parameters for Okuto-Crowell theory from 

Ref. [98] were obtained by fitting at room temperature only. 

Table 6.4 Ei, Er and h at 300K for InGaAs. Ero and ho are calculated from eqn. (6.2). 

-- -- 

The re-calculated Vbr(T) is shown in Figure 6.5 for APD34. The theoretical Vbr(T) 

including InGaAs ionization makes a small but not sufficient improvement with respect to 

the theoretical Vbr(T) without including InGaAs ionization. This failure is due to the fact 

that % and decreases comparatively as fast as al and P1 do with increasing tempera- 

ture, and the ratio between the contribution to ionization from the InGaAs absorption layer 

and the InP multiplication layer remains comparable at all temperatures. Should the ion- 

ization in the InGaAs layer be responsible for the discrepancy at higher temperatures, then 

or, and P2 would not decrease as much as al and do when the temperature increases. 

There are no independent measurements to support this claim at present time. 
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p2 

Ei(eV) 
1.05 

1.26 

%(meV) 
25.1 

25.1 

Source of 
measured 

data 

WI 

h(A) 
44.7 

44.7 

( A )  
69.9 

69.9 

( e )  
39.24 

39.24 

Fitted 
parameter 

Ei,Eph 

Ref. 

[981 



Figure 6.5 The theoretical Vbr (7') with (solid line) or without (dashed line) the ioniza- 
tion in the InGaAs absorption layer for APD34. 

It is important that the theoretical modelling of Vbr(T) developed here be applicable 

to other InP-based APDs. Two p+-n InP APDs listed in Table 6.5 (Samples A and B) in the 

literature are discussed, and their experimental values are taken from the graphs/values in 

Table 6.5 The experimental and theoretical parameters related to Vbr(T) for two p+-n InP 
diodes in the literature. The unit for Nw is 1016m-3, t w  is pm, Vbr is V, q is 
VPC, Fbr is Vlpm, and aFb,/aT is V/ptn•‹C. 

The experimental Vbr(T) indicates that Vbr is a linear function of T, and qq can be 

significantly different from one APD to another. Nm and t m  are the respective doping 
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concentration and thickness of the n-region in a p+-n InP diode. For a reach-through struc- 

ture like Sample A (n-region is completely depleted at breakdown), the relevant formulas 

are given by 

5 is the relative temperature coefficient of Vbr(T). For a long p+-n diode like Sample B (n- 

region is not completely depleted at breakdown), the relevant formulas are given by 

Vbi has been ignored for the last expression (5) in each of the last two equations. The 

breakdown condition is very similar to eqn. (4.17), and it is given by, 

Fend is the electric field at x = t m  and it is zero in the case of a long p+-n diode. 

Fbr(T) is found numerically to be a linear function of temperature (Figure 6.6), and its 

value depends on Nw only. This can be readily understood from eqn. (6.10) that the most 

important contribution to ionization is from the narrow region with highest electric field. 

Therefore, it is clear from the analytical expressions in eqn. (6.8) or eqn. (6.9) that for a 

first order approximation, q a e  is indeed independent of temperature. From Figure 6.6 and 
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Table 6.5, it is clear that the theoretical modelling is very satisfactory, even without con- 

sidering the fact that the input parameters (Nw and tInP) are subject to some uncertainties. 

It also indicates that the valid range of electric field for the temperature dependence of al 

and pl is from 50 to 65 Vlpm at room temperature, and there are no reasons why the valid 

range of electric field cannot be extended even further. 

Figure 6.6 The theoretical Vbr(T) and Fbr(T) (solid lines) for ~ ' -n  InP diode sample B. 
The dotted line is the experimental data. 

The model is also applied to three SAM InP/InGaAs APDs in the literature [18][70] 

listed in Table 6.6, where NInP and tInp are the respective doping concentration and the 

thickness of the multiplication layer, and NInGaAs and t l n ~ ~ ~ ~  are the respective doping 

concentration and the thickness of the absorption layer. Since the InGaAs layer is not com- 

pletely depleted at breakdown, then the relevant formulas can be given by 



The breakdown condition is unchanged from the case of a p+-n diode as discussed above. 

Not surprisingly, the theoretical calculations agree well with the experimental data as 

listed in Table 6.6. 

Table 6.6 The experimental and theoretical parameters related to Vb,(T) for the three 
SAM InPhGaAs diodes in the literature. The unit for Nm and NhGaAs is 
10'~cm-~, t m  is pn, Vbr is V, 11 is VIOC, F~~ is VIP, and aFbr/aT is VI~.~.~OC. 
t h ~ ~ ~ ~  is not listed since it is irrelevant 

Another widely used expression to describe the experimental Vbr(T) in InP-based 

APDs [96] [l8][7O] is given by 

where T is in OC, and 6 is the relative temperature coefficient of Vb, This expression is 

mathematically equivalent to the expression of Vbr(T) with temperature coefficient 11 used 

so far. However, physically the expression of eqn. (6.12) implicitly states that depends 

strongly on the properties of semiconductor, but weakly on the specific details of devices, 

which has been proven to be correct both experimentally and theoretically for Si p+-n 

APDs [loll. However, this cannot be generalized to other structures. For example, the 

experimental values of 6 as listed in Figure 6.7 are very close among the SAM APDs, but 

change by more than 100% among the SAGCM APDs. 
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Breakdown voltage at O•‹C (V) 

Figure 6.7 Summarized experimental results for all the InP- based APDs. They are also 
tabulated. 

It can be demonstrated that the insensitivity of 6 to device details for Si p+-n APDs is 

also true for long InP p+-n APDs. The numerical results for different Nm calculated from 

eqn. (6.9) and eqn. (6.10) are displayed in Figure 6.8. These results show that aFbr/aT is 

not a strong function of Nm; therefore, neither is 5. However, since Vbr at O•‹C is a strong 

function of NInP then q will also be a strong function of Nm Note that the p+-n sample A 



is a reach-through diode rather than a long diode; thus, it does not agree with the values 

calculated for long InP p+-n APDs. 

Breakdown voltage at O•‹C 01) 

Figure 6.8 Theoretical results for long InP p+-n APDs with different Nm They are also 
tabulated. 

As stated above, this phenomenon that [ is insensitive to device details of long InP 

p+-n APDs cannot be generalized, and the agreement of the values of [ between the SAM 

APDs in Figure 6.7 is coincidental rather than generally correct, since their structures and 

doping concentrations are similar. For example, if Nm keeps increasing, then SAM APDs 

become p+-n APDs; therefore, the value of C, will become 1.1 rather than 1.8. The 



SAGCM InP/InGaAs APDs are the better examples to demonstrate this point. As can be 

seen from eqn. (6.6), q is independent from ocheharge, whereas Vbr strongly depends on 

ocharge Therefore, this strong dependence causes the large variation of 5 among the 

SAGCM InPhGaAs APDs, as has been experimentally observed. 

6.5 Temperature dependence of photogain 

It is relatively straightforward to extend the theoretical model of the M-V characteris- 

tics at room temperature to any temperatures, combining the model of photogain at room 

temperature and the model of temperature dependence of breakdown voltage. 

Typical (APD32) experimental M-V characteristics for different temperatures are 

shown in Figure 6.9. Theoretical M-V characteristics for different temperatures can be cal- 

culated using eqn. (5.7) and eqn. (5.4) with Taguchi's a1 and PI, and the results are dis- 

played in Figure 6.10(a). The unsatisfactory agreement between the theoretical and 

experimental M-V characteristics can be improved dramatically if lundoped = 3.8pm is used, 

as shown in Figure 6.10(b). It should be noted that in principle, the values of xd and 

ocharge used in the calculations of M-V characteristics should be extracted each time a dif- 

ferent value of tundoped is used. However, it is found that this is not necessary as long as M 

versus V/Vb, is calculated. In other words, the shape of the M-V characteristics is not sen- 

sitive to the values of xd and ocharge, whereas the values of Vbr are. 

It has been found that tundope, = 3.2pm is the better choice for modelling the M-V char- 

acteristics at room temperature as long as it is calculated with one of the InP ionization 

rates reported by Osaka's, Umebu's, Cook's, or Armiento's. Note that the slopes of the 

ionization rates with respect to 1/F are very similar among these reported InP ionization 

rates. 



Bias voltage (V) 

Figure 6.9 Typical (APD32) experimental photogains versus bias voltages for different 
temperatures. 

For modelling the temperature dependence of the M-V characteristics, 

- 3 . 8 ~  is the better choice. The obvious contradiction is due to the significant dif- Iundoped - 

ference in the slopes between Osaka's and Taguchi's InP ionization rates shown in Figure 

6.1 1, and that are used in the calculations. The absolute values of the ionization rates are 

certainly very important for calculating Vb, but only the slope of the ionization rates with 

respect to 1/F is important for calculating the M-V characteristics, as already demon- 

strated in chapter 5. 



Normalized voltage 

(4 
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(b) 

Figure 6.10 Normalized experimental (solid lines) and theoretical (dashed lines) M-V 
characteristics for different temperatures (APD32). (a) tundope, = 3.2pm. (b) 
fundoped = 3.8CLm. 



Figure 6.11 Comparison of InP ionizations rates (solid lines). Taguchi's ionization rates 
are calculated at 20 OC, and the dashed lines are the experimental room tem- 
perature InP ionization rates reported in the same publication. 

3.2 pm rather than 3.8 pm is most likely the true value of tundOPed, since the model- 

ling the M-V characteristics at room temperatures is very reliable, and supported by four 

independently reported InP ionization rates. It is even supported by the experimental room 

temperature InP ionization rates reported by Taguchi's in the same publication, which are 

different from the calculated ones at 20 OC. This discrepancy can be due to a few reasons. 

The values of the parameters used in the Okuto-Crowell theory for the temperature depen- 

dence of InP ionization rates are obtained by fitting to the experimental data for a number 

of temperatures. In addition, the range of the electric field in Figure 6.11 is much smaller 

than the range fitted. More importantly, all the experimental errors of the InP ionization 

rates are fairly large. Therefore, the temperature dependence of Taguchi's InP ionization 

rates are much more reliable than their absolute values at a particular temperature. 

In conclusion, tundope, = 3.2pm with Osaka's InP ionization rates are the better combi- 

nation for modelling the characteristics at room temperature, whereas tundoped - - 3.8pm With 

Taguchi's InP ionization rates are the better combination for modelling the temperature 

114 



dependence of the characteristics. This is the best compromise unless a better expression 

for the temperature dependence of the InP ionization rates can be found. 

6.6 Summary 

In summary, the temperature dependence of breakdown voltage Vbr in the SAGCM 

InPhGaAs APDs with a range of device parameters from -40 "C to 110 "C is investi- 

gated. The experimental data shows that Vbr is approximately a linear function of temper- 

ature, with a temperature coefficient qexp between 0.13 and 0.16 VI0C. A physical model 

is developed, and it demonstrates that Vbr indeed varies linearly with temperature with a 

temperature coefficient qthe approximately 0.155 VI0C. It is also shown that the electric 

field in the multiplication layer at breakdown is a linear function of temperature. It can 

explain successfully the small variation of qexp among the APDs. 

This physical model is also successfully applied to p+-n and SAM InP-based APDs. 

Good agreement between the physical model predictions and experimental data of pub- 

lished InP-based APDs is obtained. This good agreement demonstrates that the proposed 

physical model is appropriate to model the temperature dependence of characteristics in 

any InP-based APDs. It is also demonstrated that the widely used expression for Vb(T) 

with a relative temperature coefficient is only correct for long p+-n InP-based diodes. The 

good agreement between the experimental and calculated Vb,(T) for the InP-based APDs 

implies that the temperature dependence of the impact ionization coefficients in InP is ver- 

ified independently for the first time, and Taguchi's InP ionization rates is the best. 

The temperature dependence of the M-V characteristics also is examined, and the 

results are satisfied within the uncertainties. This work is also very useful for further mod- 

elling the temperature dependence of the characteristics of InP-based APDs. It demon- 

strates that I~~~~~~~ = 3.2pm with Osaka's InP ionization rates are better for modelling the 
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- 3 . 8 ~  with Taguchi's InP ionization characteristics at room temperature, whereas zudoped - 

rates are better for modelling the temperature dependence of the characteristics. 



Chapter 7 Dark current noise 

Dark currents and their associated multiplication shot noises are potential sources of 

degradation to the sensitivity of the APDs [loll. In addition, flicker noises may be a pow- 

erful tool for finding sources of degradation in many electronic devices, including the 

APDs. 

In this chapter, the dark current low frequency noise characteristics of the planar 

SAGCM InPhGaAs APDs are investigated [101][101], including both multiplication 

shot and flicker noises. 

7.1 Low frequency noise measurements 

The low frequency noise spectra from 1 Hz to 100 KHz was measured with an 

HP3561A Dynamic Signal Analyzer (Figure 7.1). A low noise Ithaco 564 current arnpli- 

fier was used to extend the sensitivity up to -270 ~BA~/HZ.  APD14, APD32, APD34 and 

APD37 are investigated in this chapter, and all of them are from one wafer (P623). 

Dynamic 
Signal 

Analyzer 

I 

Current source 

Figure 7.1 APD dark current low frequency noise measurement setup. 

+ APD 
N 

+ 
I 

- - 



7.2 Multiplication shot noise 

The multiplication shot noise spectra SI is of a white noise type, and visible in all the 

APDs but one, APD37, which has a dominant flicker noise spectra The multiplication 

shot noise spectra is measured at some Id's with bias voltages V>V,,,, so that M>1. Also 

& are selected to avoid the breakdown region since the very low dynamic resistance there 

would make measurements much less sensitive. 

To understand quantitatively the multiplication shot noise, the results from APD32 

and APD14 of SI versus Id are shown in Figure 7.2(a). The corresponding noise versus M 

(derived from the photocment measurement) are plotted in Figure 7.2(b). The linear rela- 

tions in Figure 7.2(b) implies that the multiplication shot noises are proportional to some 

power of M, but not to h. Therefore, if we assume I, = I,,M, where J& is the primary 

dark current, then h, varies with M. There are up to 10 dB differences between the two 

APDs at same Id, whereas they are very close at same M. This shows that the shot noise 

sources are directly related to M rather than b, as expected. At a small range of M, SI can 

be approximated to be proportional to M?l, and for APD32 and APD14 they are fitted with 

y's of 2.75M.05 and 2.95N.1, respectively. The corresponding kff is about 0.5. The error 

of measuring the low frequency noise spectra (1dB) prevents accurate calculations of F 

directly. The observed dark current multiplication shot noise is similar to what has been 

found in Ge APDs [loll. 



Multiplication M 

Figure 7.2 The multiplication shot noises versus (a) the dark currents, and (b) the multi- 

plication gains M for APD32 and APD14. The noises are proportional to My 

with y 2.75k0.05 and 2.95kO. 10 for APD32 and APD14, respectively. 



7.3 Flicker noise 

Flicker noises Sf are found in two APDs (APD37 and APD34). All the flicker noise 

spectra are fitted with 

S f ( f )  = b / f  = ~I f / f  (7.1) 

where f is the frequency, a, P and K are constants independent of both f and Id, and 

b  = +I' A typical flicker noise spectra of APD37 at b=5nA is shown in Figure 7.3 with d' 

a = 1.0 and the b = 1.5 x AS seen in Figure 7.3, it is not a perfect fit to the flicker 

noise spectra. Hence, the fitted a's are distributed between 0.80 and 1.10 at different h for 

both APDs without clear correlation to either Id or M. However, it is still very meaningful 

and interesting to compare the flicker noise at 10 Hz at different Id as shown in Figure 

7.4(a) for both APDs, or at different M in Figure 7.4(b). 

F = ~ = Y  
Figure 7.3 A typical (APD37, Id=5nA) flicker noise spectra. The solid line is fitted to 

eqn. (7.1) with a = 1.0 and b = 1.5 x I O - ~ ~ A ~ .  



Dark Current I,  (A) 

(a) 

Multiplication M 

(b) 

Figure 7.4 The flicker noises at lOHz versus (a) the dark currents, and (b) the multipli- 
cation gains for APD34 and APD37. The solid line is from eqn. (7.2). 



It is very important to note that the flicker noise spectra is found only in some of the 

APDs, whereas the multiplication shot noise spectra is found in all the APDs (except in 

the case where the flicker noise is too dominant), even though there are no fundamental 

differences between their dark current characteristics. This occurs because the dominant 

Ido is the generation-recombination current in the InGaAs layers for all the APDs. In addi- 

tion, there are substantial differences in Sf for APD34 and APD37 at same Id. A possible 

reason for this is that only a small portion of Id, if any, contributes to the observed flicker 

noises. 

It will be useful to understand what happens if a current with flicker noise spectra 

goes through an impact multiplication. Defining Sf(Id,) and Sf(Id) the flicker noises from 

ho and I,+ respectively. In addition, it is assumed that I, = I,,M. Since the multiplication 

process does not contribute an excess flicker noise (F=l) as in the case of multiplication 

shot noise, then, 

sf (Id) = Sf (Ido) M'. (7.2) 

For APD34 at higher gains and APD37 at lower gains, the flicker noises do tend to follow 

eqn. (7.2). For APD34 at lower gains, it appears that a constant leakage current is the 

major contributor to the flicker noise. For APD37 at higher gains, the flicker noise 

increases faster than M ~ ,  and a reasonable explanation is that Id0 increases with M, too. 

In conclusion, we find that the dark current multiplication shot noises are proportional 

to MY with y about 2.75 - 2.95. The flicker noise is observed in some APDs and is believed 

to come from some leakage current sources. 



Chapter 8 Conclusions and Recommendations 

In this thesis, an extensive investigation on a state-of-art photodetector - planar 

separate absorption, grading, charge, and multiplication (SAGCM) InP/InGaAs avalanche 

photodiode (APD) with partial charge sheet in device periphery has been conducted. Spe- 

cifically, the following was accomplished. 

Device parameter extraction 
A simple, innovative, and non-destructive technique has been invented to extract the 

two most critical device parameters in the SAGCM APDs, xd and oaaiVe. To the author's 

best knowledge, the innovative use of V,,,, obtained from simple DC photocurrent mea- 

surements in this technique is novel. The technique was tested on two wafers, and the 

extracted values agreed very well with the independent measurements, such as Hall analy- 

sis, SIMS, and reflectance spectroscopy, within both the experimental and extraction 

errors. 

The systematic errors have been considered in detail. The ionization in the absorption 

layer was found to cause significant errors only when F'heter was higher than 17 V/pm. 

that is, xd was increased by - 0.03 pm and oxti,, was decreased by - 0 . 1 ~ 1 0 ' ~  ~ m - ~ .  The 

corresponding Vb, was about 90 V if xd is 0.4 to 0.5 pm. This effect was negligible for 

90% of the APDs from a wafer. Also, it was found that for further modelling, Pearsall's 

rather than Osaka's InGaAs ionization rates were more consistent with this model and the 

experimental results. 

The simplification of the zero doping concentration in the multiplication layer was 

found to cause very small systematic errors. The selection of either Umebu's or Cook's 

InP ionization rates was found to cause large systematic errors, but in opposite directions. 
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It has been argued that the best choice for the extraction and further investigations were 

Osaka's values. 

The largest systematic error was contributed by the simplification of no ionization in 

the charge layer. xd was increased by less than 0.03 pm and Gaaive was decreased by less 

than 0.1 x1012 ~ m ' ~ .  The combination of this simplification, and the simplification of no 

ionization in the absorption layer would cause an unacceptable error 0.2x1012 cm-2 in oat- 

tive when Vbr was larger than 90 V. However, for the overwhelming majority of the APDs, 

the systematic errors were acceptable, and were dominated by the simplification of no ion- 

ization in the charge layer. 

The random errors were contributed by the experimental errors of VmeSa and Vb, and 

by the fabrication and calibration errors of the device parameters used in the extraction. 

The uncertainties in Vmesa and bdoped  were the dominant contributing sources of the ran- 

dom errors, and the over all random error for xd was about M.05 j.m, and for ~~~~i~~ about 

M . O ~ X I O ~ ~  ~ m - ~ .  

Photogain 
It has been demonstrated both experimentally and physically that for our planar 

SAGCM InP/InGaAs APDs that the photogain is unity when van,, c v < v,,,,,, and the quan- 

tum efficiency did not depend on the bias voltage. The Miller empirical formula for M-V 

characteristics was shown to be very appropriate to our APDs with r between 0.6 and 1.5, 

and an empirical relation between the power coefficient r in the Miller empirical formula 

and experimental Vbr was obtained. Finally, a physical model of the M-V characteristics 

was developed and proven to be successful in interpreting the experimental data from our 

APDs. It was also found that &doped could be extracted from the experimental M-V char- 

acteristics - an improvement to the device parameter technique developed. The inclusions 

of the ionizations in the charge and absorption layers were not important in modelling the 
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M-V characteristics. 

Temperature dependence of breakdown voltage and photogain 
The temperature dependence of the breakdown voltage Vbr in the SAGCM InP/ 

InGaAs APDs with a range of device parameters fiom -40 "C to 110 "C was investigated. 

The experimental data shows that Vbr was approximately a linear function of temperature, 

with a temperature coefficient qexp between 0.13 and 0.16 VIoC. A physical model was 

developed and it demonstrated that Vbr indeed varied linearly with temperature with a 

temperature coefficient qhe about 0.155 V/"C. It was also shown that the electric field in 

the multiplication layer at breakdown was a linear function of temperature. The model 

could successfully explain the small variation of qexp among the APDs. 

This physical model was also successfully applied to p+-n and SAM InP-based APDs. 

Good agreement between the physical model predictions and experimental data of pub- 

lished InP-based APDs was obtained. This good agreement demonstrated that the pro- 

posed physical model was appropriate to model the temperature dependence of 

characteristics in any InP-based APDs. It was also demonstrated that the widely used 

expression for Vbr(T) with a relative temperature coefficient was only correct for long p+- 

n InP-based diodes. The good agreement between the experimental and calculated Vbr(T) 

for the InP-based APDs implied that the temperature dependence of the impact ionization 

coefficients in InP was verified independently for the first time, and Taguchi's InP ioniza- 

tion rates was the best. The temperature dependence of the M-V characteristics was also 

examined, and the results were satisfactory. 

Dark current noise 

Low frequency noise (LFN) in dark currents were investigated. It was found that 

for the SAGCM APDs investigated, the dark current multiplication shot noise was propor- 



tional to M? with y fiom 2.75 to 2.95, which was in general agreement with theory. Flicker 

noise was also observed in some of the SAGCM APDs and it was believed to be due to 

leakage currents fiom surface/interface irnperfectionsldefects. 

The major contributions from this thesis make it possible 1) to extract critical 

device parameters fast and non-destructively, which is critical for monitoring fabrication 

and further detailed modelling; 2) to develop and verify a general theory of breakdown 

voltages and its temperature dependence; 3) to accurately calculate photogain versus bias 

voltage and its temperature dependence; 4) to understand dark current noise; 5) to help to 

understand the degradation sources from low frequency noise spectra; 6) and to lay solid 

foundation to characterize and model more operating (high frequency) characteristics of 

APDs, such as bandwidth and multiplication noise. 



Appendix A Electric field in SAGCM APD 

The electric field F(x) is related to the net doping concentration N(x) by the Poisson 

equation 

where E is the relative dielectric constant and EO is the dielectric constant of vacuum. In the 

following, the one-dimensional Poisson equation is applied to the central active region. 

Before deriving the electric field in SAGCM InPbGaAs APD, a few assumptions and. 

simplifications are made: 

p+-n is an abrupt junction. 

The voltage drop at the InPhGaAs heterointerface (0.1-0.4) is ignored. 

The doping concentrations in the multiplication, charge and grading layers are 

uniform. 

The thickness of the boost layer is ignored. 

The relative dielectric constant of the InGaAsP grading layer is equal to the rel- 

ative dielectric constant of InP. 

The InP buffer layer is treated as part of the absorption layer. 

All the symbols are defined in Figure 3.2, Figure A.l, and Table 3.1. 

The electric field as a function of bias voltage V is derived according to the bias 

range. Let us define vme,, as the bias voltage at which the electric field starts to penetrate 

the boost layer, v',,,, as the bias voltage at which the electric field starts to penetrate the 

absorption layer, and Vdeplefed as the bias voltage at which the electric field reaches the n+ 

InP substrate. Obviously, Vmesa I I / l m e r a  5 vdepleted. 
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Figure A. 1 The electric fields in SAGCM InP/InGaAs APD. 

When the electric field is non-zero in the absorption layer, the electric field F(x) is 

with EI and EZ, the relative dielectric constants for InP and InGaAs, and having values of 

12.3 and 12.9 respectively. The bias voltage is given by 



where Vbi is the zero bias potential and is about 1.0 V, and rg has to be found out in two 

cases: 

1. v z  Vdeplete;, (i-e., the absorption layer is completely depleted). In this case, to = tundoped, 

which can be substituted into eqn. (A.3) to derive the bias V. 

2. V S  vdePhted, the electric field is zero at the location xg. Thus, rg is related to Fw from 

eqn. (A.2) 

Substituting eqn. (A.4) into eqn. (A.3), t0 is related to the bias V by 

'0 '0 t 1 64.5) 
q o 1 n ~ a A s  + (*d + '1nP 'grading) + (*d + ' I ~ P  + 'grading 

E2Eo 
L 

v = v ' , , ~ ,  when %=O. Thus 

= 'depleted when ~ = ~ d o p e d .  Therefore, 



t w b r r d  t~m&prd f 

- 
'depleted - "mesa + ( ~ d  + 'InP + 'grading + 'undoped) N ( )  d - 1 N ( t )  d (A.7) 

0 0 0 1 
Then eqn. (AS) can be rewritten as 

The electric field in the absorption layer is zero but non zero in the grading layer. The 

electric fields are 

q N ~  gocharge ( x - x ~ )  
xd-- -  Xd 5 x I xl 

F ( x )  = E ~ E ~  ' I ~ P  

The bias voltage is given by 

qocharge -- q N G  
( ' ~ n p ' ~  + 'grading) - 

ElE0 E 2 E ~  

q N ~  gocharge qNG The V,,,, is defined when F~~~ = -xd + - + - 
'grading 7 SO that 

&oE1 &oE1 EoE1 

The two punchthrough voltages are related by 

- q o I n ~ a ~ s  
V 1 m e s a  - 'mesa + ( ~ d  + 'InP + 'grading) ' 

E2Eo 



Appendix B Listings of mathematical files 

The following files were written with Mathcad 4.0. 

B.1 Parameter extraction 
Calculations of xd and sigma from room temperature experimental values Vbr and Vmesa 
for the cases of InP only. 
Temperature T is 300 K always, even though it looks like T as an varialbe. 

InP impact ionization coefficients from Osaka interpreted by himself in another paper. 
Valid between 40 to 60 Vlmicron 

Some device parameters 

InP dielectric const 

InGaAs directric const 

Dielectric const in Flmicron 

electron charge 

Zero bias potential 

doping level in InGaAs in llmicronA3 

doping level in InGaAs in llmicronA3 

Charge layer thickness in micron 

Grading layer thickness in micron 

Doped InGaAs charge sheet density in micronA-2. 

undoped layer thickness in micron 

Calculations in the case of InP ionization only. 



Guess Values: Fbr := 60 w := 0.3 o :=3.1d2.10-* 

Given 

Left(Fbr, w,o,  300)rO 

func (Vmesa, BV) := Find(Fbr, w,o) 

Wafer P623 experimental voltages 

Mj,o := Distance. M := EVmesa 
j,l J + I  

:=func (M. ,M. 
, .I  I ,& Fbr 

xd 

Distance := EVbr : = 

5 .O 

8 5  

11.5 

14.5 

18.0 

21.0 

23 5 

26.5 

29.5 

32.5 

35.5 

39.0 

41.5 

44.5 

sigma. : = func (Mj, l ,  
J Mi,2)2 sigma in micronA-2. 



M,,~ := [sigma. + G h G d s  + N Gt grading)] 
J ( lCF4 total active charge in 1 e l  2 a"-2 .  

Vmesa prime 

:=M. + qeN DeX undoped undoped 
Mj,7 ~ , 6  ~ 2 . ~ 0  Mj,4+ I ~ P +  grading + 2 

The results for wafer P623 

Fheter 

Fheter prime 

Vdepleted 

WRlTEPRl'gp623) : = M write to the file p623.prn 



B.2 M-V 

Calculations of gain at room temperatuers. Vdepleteddbr case. InP ionization only. 

InP impact ionization coefficients, the electric field 

Some device parameters 

InP dielectric const 

InGaAs directric const 

Dielectric const in Flmicron 

Zero bias potential 

doping level in InGaAs in llmicronA3 

doping level in InGaAs in l/micronA3 

Charge layer width in micron 

Grading layer thickness in micron 

Doped InGaAs charge sheet density in micronA-2. 

undoped layer width in micron 

Calculations in the case of InP ionization only. 

2 
qSo InGaAs qeN ~'~undoped 

BVRIGHT:=(- 1)- 
~ 2 . ~ 0  

undoped - 
~ 2 . ~ 0  ~ 2 . ~ 0 . 2  



Guess Values: Fbr := 60 w := 0.3 o :=3. ld2.10-* 

Given 
q.N ~ ' t  gr&g 

Vmesa+ Vb,-. 

fir- (w + t + xundoped + t grading) - -- 

func (Vmesa,BV) := Find(Fbr, w, IS) device parameter extraction 

Emmesa:= 20.6 EXVbr:=70.44 IN :=READPRNapd34) reading in experimental M-V 

I d I : = func (EWmesa EXVbr) 

Lo charge 

. - 
active .- [" charge + (G I n ~ a A s  + N G t  grading)] 

Vpmesa := EXVmesa+ J n ~ a A s  

~ 2 . ~ 0  . k d +  t ~ + t g r a d i n g )  

Vdepleted := Vprnesa+ 
D'X undoped undoped 

Xd+tJnp+tgr&g+ 
&2-EO 2 i 

9.O charge q.N G t  grading Fheter 
Fheter(Fbr) := Fbr - - 

E l  -&O ~ 2 . ~ 0  

Fpheter ( Fbr) := Fheter (Fbr) - qSo InGaAs 

~ 2 . ~ 0  
Fheter prime 

qeN ~ . ~ u n d o p e d  Fend 
Fend(Fbr) := Fpheter (Fbr) - 

~ 2 . ~ 0  

Fbr = 52.085 xd = 0.527 o charge = 2.299 16' 

active = 2.789 ldl Vpmesa = 25.009 Vdepleted = 35.021 

When Vmesa<V<Vpmesa, the electric field in the multiplication layer is 



When Vpmesa<V<Vu, the depletion width (relative to t(undoped)) is 

C(V) := Vpmesa- v t(v) .- 
2- a 

The electric field in the multiplication layer is 

F21np(v) := q'a charge qmN G" grading + Ta I n G a ~ s  + qeN ~ ' ~ u o d o ~ e d  -t(v ) + 
~ 1 . ~ 0  ~ 2 . d  ~ 2 . ~ 0  ~ 2 . ~ 0  

When Vdepleted<V<Vbr, the electric field in the multiplication layer is 

v + Vbi+ + grading Xundoped 

The the electric field in the multiplcaiton layer for V>Vlmesa is 

FInP(v) :=F1 InP(v).@(Vpmesa- v)  + F21np(v)4(v - Vpmesa)-Q,(Vdepleted - v) ... 
+F3 InP(~)4(~ - Vdepleted) 

Multiplication Gain 

EXVmesa= 20.6 Vdepleted = 35.021 EXVbr = 70.44 

ceil(x 5) floor(x-5) 
sorta(x) :=- sortb (x) : = 

5 5 
start := sorta (EXVmesa) end : = sortb (EXVbr) 

end - start 
,rows(lN)- 1, 

0.2 0.2 



j := 0,l.. endnumber 

OUTjvo :=~orta(EXVmesa) + 0.2-j 

OUTjpl : = ~ ( 0 ~ , , ~ , 3 0 0 )  

20 30 40 50 60 70 80 

OUT. 
J . O  

WRlTEPRN( tmp) : = OUT write to the file tmp.prn 

B.3 Temperature dependence of Vbr 

Calculations of Vbr versus T with input xd and sigma with InP only ionization. 
This is the complete numerical model. 

InP impact ionization coefficients from Taguchi, which was fitted to their own data 
(25 C to 175 C). The theory was from Okuto-Crowell. 

The equations for free path length (in micro) and phonon energy (In eV) in InP. 

The equations for free path length (in micro) and phonon energy (In eV) in InP. 



The calculations of threshold energies 

E (T) := 1.421- 3.63 
g T +  162 

Some device parameters 

InP dielectric const 

InGaAs directric wnst 

Dielectric const in Flrnicron 

electron charge 

Zero bias potential 

doping level in InGaAs in 1 lmicronA3 

doping level in InGaAs in l/micronA3 

Charge layer width in micron 

Grading layer thickness in micron 

G lnGaAs := 0.4 ld2-lo-' Doped InGaAs charge sheet density in micronA-2. 

t undoped :=3.2 undoped layer width in micron 



Calculations in the case of InP ionization only. 

wl:=0.562 01 := 2.72ld APD14 

Guess Values: Fbrl:= 55 

Given 

For Vdeplete<Vbr 

q " h ~ ~ ~ . t  q-N D' ~ndoped 
2 ~ 2 . ~ 0  UIldoped + ~ 2 . ~ 0 ~ 2  'I 

For Vdepleted>Vbr 

expeimental Vbr 

The2. := Vbru T. 
J ( 3  

The2. :=Vbru T 
J (3 



60 

50 
APD14. 
X J  

Thcl. 
- - J 

40 

30 

I 1 I 
2 - ri: 

.rC 
x' - - 

x . ~  

.* dg 
- - . R 

dIC 

. 'X * 
I I I 

200 250 300 350 400 

T.  
J 

:= augment(T, The1 ) write to the file tmp.prn 
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