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Motivation = Low-power optical interconnects

12

" Traditional Data Center (5% CAGR)
® Cloud Data Center (33% CAGR)

-
o

Zettabytes /Year

2014 2015 2016 2017 2018 2019
Global data center and cloud IP traffic

Source: Cisco Global Cloud Index, 2014-2019. Mega-scale cloud data centers

Top-Of-Rack (TOR) - Network Connectivity Architecture
Optical
signal

Transmitter RF circuit design

IC design

Digital control design

Mechanical design

Aggregation

Switch Receiver ’
2::\'/‘9’:'“”@" = Electrical signal
Optical interconnects in data center A commercial optical transceiver cartoon
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High Sensitivity Optical Receiver to Improve Power efficiency

OB

I m Driver mHeater mTIA mlLaser
Ring Modulators based transmitter

= Passive Insertion Loss, 0.5 dB *Power efficiency, pJ/bit (4Ax20 Gb/s)

| [p—
3dB
Comb DWDM
Laser or =2 ==
DFB DWDM - -

Laser array

A4
40nm CMOS drivers

Ring modulators <

S = Active Insertion Loss, 3 dB
yo) = Extinction Ratio, 4 dB
4dB = Transmitter & Dispersion Penalty, 2 dB Ring DEMUX
LL
7 , , , .

2 2 5 ~ 5 = High bandwidth, high responsivity
g 4.dB = — —— photodetectors enabling high
3 Sy S 9 < sensitivity optical receiver to
£ L L; L L improve qp.tical transceiver link
3 Cascaded Ring Filters + Ge PDs based power efficiency.
A receiver
ch) = Responsivity, 0.7 AW
O = TIA Sensitivity Current, 70 pA

_ _ *M. Rakowski, et al, "A 4x20Gb/s WDM Ring-based Hybrid
CMOS 4)-CWDM OOK optical transceiver  cMos Siicon Photonics Transceiver", ISSCC, 408 (2015).
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Imec’s silicon photonics platform

Al bond pad
Tungsten Heater

\

"l el

Shallow Rib Deep Rib
PN Modulator PN Modulator

Poly-Si
160nmidx \
220nn‘(I>

Stri Advanced
2000nm WG Grating Ge Photodetector MOS modulator

Coupler
‘ 200mm Si Substrat'

= State-of-the-art R&D platform for advanced device and system R&D

= 200 mm SOI wafers, 220 nm top Si, 160 nm polySi (

= Integration Flow based on a 130-nm CMOS node/toolset
augmented with 100% selective Ge epitaxy module

= 193-nm lithography for critical waveguide patterning steps.

= Auvailable for bilateral development on demand and through MPW service (ePlXfab)
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= Motivation

o 400nm-Ge Si-LPIN GePD
o 160nm-Ge Si-LPIN GePD
= Low-voltage Ge Avalanche Photodetectors
o 400nm-Ge VPIN GeAPD
o 185nm-Ge VPIN GeAPD

= Summary
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Ge-on-Si Waveguide p-i-n photodetectors

220 nm

l- I—I

45(] nm

Ge-on-Si WG photodetector

+

E<E:

i(n)

?ﬁ

E=hv

Photo-carriers generation & collection

Responsivity O/E bandwidth

w~

-1V

Photodetector performance metrics
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Responsivity

q Aum)
R=n——= A/W
SR 1239850 /1
= The capability of a p-i-n Quantum Optical
photodetector to convert efficiency frequency
an optical signal into an
photocurrent, 1.8 .
= The ratio of the generated 16 |
photocurrent and incident § 14
optical power, z 12
§ 1
_ _ 2 038
U Light absorption 06
L Photo-carriers collection 1 12 14 16 18 2
Wavelength (um)

Responsivity as a function of wavelength
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Dark current £02

. 1E-04

The small electric current =
. — 1E-06
that flows through a p-i-n £ <
photodetector when no 3%
photons are entering the 110
device 1E-12
o 2 45 -1 05 0 05

= Diffusion current Voltage (V)
= SRH leakage current A typical photodiode I-V characteristic

o Material defects

O Ge paSSiva'[ion Interface states Mhreading dislocation

=

Ge

C DWW YOO N L0 OO 0,

booooo
Y :

SRH leakage current source modeling

Ge-on-Si SEM graph
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O/E bandwidth

The capability of a p-i-n E<E,
photodetector to respond to e T G
a fast modulated optical

signal. _*— )
= Transit time § §

» RC-constant &V Sgem
bit 1" —— e e R
M >
bit ‘0’ — S— — lp_h
An ideal OOK modulated optical signal —C,
Lon
°
—
_ p-i-n photodetector model
Optical Electrical
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= Motivation

» Si-contacted Ge p-i-n Photodetectors

o 160nm-Ge SI-LPIN GePD

= Low-voltage Ge Avalanche Photodetectors
o 400nm-Ge VPIN GeAPD
o 185nm-Ge VPIN GeAPD

= Summary
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400 nm-Ge SI-LPIN GePD

0.5um 1.0im
l.4um ! !.4pm ‘ l
BOX BOX

Si-LPIN GePD BL-VPIN GePD (for reference)

Si-LPIN

GePD:

= Higher
responsivity

= Higher O/E
bandwidth

= Lower dark
current
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Static, Small & Large-signal Measurement Data at 1550 nm

. . . Si-LPIN GePD at -1V
Static I-V & responsivity Small-signal S,; curves - e it
- Si-LPIN GePD
"""" A PR EE—— -38 =
1E-5 m?om. --------- .
. Em
C Photocurrent )
£ 1E-7 )
S 2 -44 —0V
£ s :::x@miiﬁ\ 2 —v 20GHz
o -47 —-2V
1E-9 Dark current m‘\ 3GHz
1E-10 50
3 25 -2 15 -1 05 0 a 0 10 20 30 40 50
(a) Voltage (V) ( ) Frequency (GHz)
12 .. __BL-VPIN GePD
g 1.0 .......0‘0000..0000 >50 GHz
> . ) LAIW S a7
< 0.8 Si-LPIN GePD o
z z
% T -50 _
S 06 jeeeg 0.5 AIW 3 _01\/\,
> T T %%0g000,0 = .
o 04 L 53 —V
= BL-VPIN GePD ’ -
0.2 -
1500 1520 1540 1560 1580 o 10 20 20 20 o
(b) Wavelength (nm) (b) Frequency (GHz)

0.45 AIW
3 nA 11 nA
20 GHz >50 GHz
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= Motivation

» Si-contacted Ge p-i-n Photodetectors
o 400nm-Ge Si-LPIN GePD

= Low-voltage Ge Avalanche Photodetectors
o 400nm-Ge VPIN GeAPD
o 185nm-Ge VPIN GeAPD

= Summary
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160nm-Ge SI-LPIN GePD Doping distribution (cm?) 160 nm Ge

.5.3e+20

5.1e+17

W 5.0e+14

I-4.3e+10

-5.4e+14

e I/ 5
(a)

Electric field (V/cm) 160 nm Ge

. 20e+05 [T 5

1.1e+05

5.8e+04

Thinner Ge layer | szevos

9.2e+03 e m v o
l 5.0e+03 f
_0.5um o

Doping & electric field distribution

Bum

BOX

= |E| > 1x10% V/cm at -1 V bias
=  Shorter transit distance

compared to 400nm-Ge device

3-D & cross sectional schematic | > Higher O/E bandwidth expected

O High responsivity & Low dark
current
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Static and Small-sighal Measurement Data

|-V characteristics

Current (A)
e e e e e e e = =
O O O O O o o o o
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1310 nm
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. Light current

1550 nm

3nA

-
[

. Dark current

1
N

-1
Voltage (V)
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0

Responsivity at -1 V
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RF power (dBm)

-19

-20

-21¢
ook
23k
24f

-25+~

O/E Bandwidth

>67GHz >67GHz

_—0V
—_—1lV
_—2V
-3V

19 GHz

40 50 60 70

0 10 20 30
(a) Frequency (GHz)
67 GHz S,; meas. at 1550 nm

-20

22+

RF power (dBm)

28+

(b)

24F

26+

1310 nm

> 50 GHz

45 GHz

—_—0V
—_1V 7 GHz
—_ 2V

-30
0

10 20 30 40 50
Frequency (GHz)

50 GHz S,; measurement




Large-signal Data Reception Measurement

100ps

30ps 50ps

A

12.5ps

LLALALAL

LLAARLLS

*Implemented in DTU Fotonik, Denmark
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PRBS,(2'-1)
MLL: mode-lock laser ¢
I
MLL 50ps
< I / 12.50s \ £ @_\/
\—Q—/ |
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arge-signal Data Reception Measurement
80 Gb/s eye diagrams

70 GHz comerc. PD
(u2t XPDV-3120R)

S Measlim )

100 Gb/s eye diagrams

./ Measure . | i H
current nininun A mum total meas current Minimum inum total meas
Ext.ratio(l) T2.70de TI.63de  TIe7 d& 128 hup Ext.ratiof®) 14.69de 14.06d8 14.77 dBE 110 st
Jitter HS(:) 316 fs 303 fs 38 Ts 123 a e Jitter RMS(Z)? 486 T 7 437 fs 7 608 7s 110 a ‘e
Eye height() 45.3 m¥ 45.1 my 45.8 128 - Eye height (=) 24.3 u¥ 23.8 m 24.5 Y 110 -
Eye S/H{Z) 11.%1 1.7 12.22 128 Eye B/N(Z) 7.26 7@ 7.36 110

Eye height: 57.3 mV
| H

Eye height: 34 mV
‘ L

Clear open
eye diagrams

> btained at
—i +
1 H i OO G S

@®© 1

S/ Measure 4 ./ Measure .4

current minimun Max i num total meas current minimum Maximumn total meas
N L e tp Ext.ratio(bark [evel? =-=-------  =-=------ 0 sup
Jitter RHS(4)? 1.273 ps 2 1.233 ps 7 1.316 ps 108 Inig Jitter RHSE4) 72 fs 652 fs 730 15 105 “Infc
Eye height(4) 57.3 ¢ &0 m¥  58.2md 108 - Eye height t4) 34 nv 32 34 Y 105 -
Eye 5/N(4) 7.69 7.68 78T 109 Eye S/N(4) 5.44 5.27 5.47 108

at-2Vv
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Eye height 75.4 mV

s Measure 4

Eye height: 51 mV
‘ i

./ Measure 4 Z ‘

it i tat EI
Ext .rat m(q)gartn\’Sng o - - un —— up Uf mininum [[=EANTT) total meas
Jitter RMS{4)7 1.400 ps 7 1.346 ps 7 1.410 ps 118 C Infc JEi:é;alﬁﬁggﬁDagéa\gE\? ;ég fsrﬁ ;‘:’é,%;,, 1001 shup
Eye height(4) 75.4md 733V  75.5m0 112 - ity KIGHER 1 2 el iy e
Eye S/N(4y 7.33 7.05 7.3 107 yeEyg‘g/Ngd; H Dg : EIUH g Dfaﬂ i -
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C

Ge p-I-n PD: Benchmark
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Dark current (nA)

A Kotura2®

UC Berkeley201> 0

¥

-1V 2V =—>2YV
0O
O LET|2009
1000 Kotura?0%®
100
0
|HP2015, BiCMOS
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o N

#1

This work*00nm-Ge This work60nm-Ge
20 40 60 80
O/E BW (GHz)

Dark current V.S. O/E Bandwidth

PHOTONICS RESEARCH GROUP




= Motivation

» Si-contacted Ge p-i-n Photodetectors
o 400nm-Ge Si-LPIN GePD
o 160nm-Ge Si-LPIN GePD

o 400nm-Ge VPIN GeAPD
o 185nm-Ge VPIN GeAPD

= Summary
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Pursuing Even Higher Sensitivity By Leveraging
Avalanche Multiplication

Detector Linear Channel Decision Ckt.
———————————————————————————————————— P e el o s
TR T 1. !
{ [ : ’n ,amp Filter | : OTH {
A 1 | : '
| I - }
Il . : } \ I + : l DEC _-i
i Ipp InpD Ei P Vo} E + A |

- |
: ) =|! Clock |

Q= (Il - IO) / 2*in
*Basis optical receiver model
: : S S :
Optical receiver = _ 0 Noise power  aalanche gain Excess nosie factor
(p-i-n PD): N 2-q-1,-B+(N, from Linear
Channel ‘ ‘
S So -5V

Optical receiver = _

(APD): N Z'q.IO'B.@JF@

Excess noise Avalanche
factor gain

*Eduard Sackinger, Broadband Circuits for Optical Communications.
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Avalanche gain

Cathode _‘ I Electric field

Absorption --Ge
Charge
Multiplication
Anode
S-A-C-M Ge/Si Avalanche Photodiode Impact ionization

Q
[+

Impact ionization coefficient:
(a, electrons; 3, holes)

- the number of electron-hole
pairs generated by a carrier per
unit distance traveled

Ionization Coefficient (cm™)
o
[{]

sdlavvaa by vaa byaus

|-||1111|1|l|1|
o 2 3

4
Electric Field (x10°V ¢cm™)
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Gain-bandwidth product < build-up time

e RC-constant 5
 Transit time

|

&
3
=
| FF
50 : L
- 40 % -
é 30 % O.IE—
= = -
§ 20 E B Electron injection, @,/a, | _ 5x10-2
% - B Hole injection, a,/a,
§ 0.011 L1 1||1|110 [ |||11H00 T
Avalanche multiplication A
10
* . ;
o I B Modeled Bandwidth v.s. Gain
1 2 3 4 56789012
Gain (1)

M, o /o,

v

Avalanche build-up time
O/E bandwidth as a function of gain

*Simon M. Sze, Physics of Semiconductor Devices
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Excess noise factor

00

1

| a«lf=0711.0(Ge) &
/ <

~

N Sensitivity k= olp
(dBm)

WPp=031005(InP) . s / g

A flectronics Y
455///,.‘, i 1]
5 Wa = 0.03 to 0.015 (Si) W"f

1 10 100 Galn\
Multiplication gain (1) ~

Excess noise factor (1)
10

k increases

Bulk material avalanche noise properties

=2><q><10>< X@XB

Noise current Gain EXxcess noise
power factor

Avalanche sensitivity improvement
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= Motivation

» Si-contacted Ge p-i-n Photodetectors
o 400nm-Ge Si-LPIN GePD
o 160nm-Ge Si-LPIN GePD

= Low-voltage Ge Avalanche Photodetectors

o 185nm-Ge VPIN GeAPD
= Summary
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400 nm-Ge VPIN GeAPD

BOX

3-D & cross sectional schematic

Doping concentration (cm3)

P-1.000e+15
-6.813e+15
-4.642e+16

[ -3162e+17
-2.154e+18

.-1.4689+19

-1.000e+20

(@)

ElectricField (V/cm)

B9 3.000e+05
1.702e+05
9.655e+04

| 5.477e+04
3.107e+04
1.763e+04
1.000e+04

(b)

Doping & electric field distribution

= |E| ~ 2x10° V/cm confined in
the bottom 200 nm Ge layer at
-5.5V bias,

—> Strong avalanche multiplication

expected,
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Static & Small-sighal Measurement Data,

| Avalanche gain
9-
: /
2 o (-6.2V, 12)
10,3‘ ................................ 25 \g ol
: -1.0 8
107} i 2.0 2t
_ s Lightcurrent - 301 30
<10 ¢ % -4.0 1)
(=R S -35h 5.0 ) . . . .
g 10 T -35]
5 5 : 5.5 1 2 3 4 5 -6 7
© 107t s 5.8 (a) Voltage (V)
8 Dark current g 40 -6.0
10 ¢ L [ 6.1
° e -45 ¢ 6.2 50
R I R T T R S : — 6.3 < 40r
(a) Voltage (V) 503 ] ] 6.4 5 30~
701 1 10 50 £
Frequency (GHz) E 20r Bandwidth
i (6.2V.14) \ Raw S,, param. curves, 1550 nm 8 v.S.
10 o Gain
) . . r e s s aaa s
<5
§ g (b) 1 2 Gzin(41)5 6 789012
2
| | Strong avalanche 13- Gain-bandwidth
T T - ! product
0 e © multiplication occurs at -5.9 V 5 0
Voltage (V) . Q I
g = Gain of 10.2, s 70|
Static I-V characteristics, | = Bandwidth of 10.4 GHz ° ol
1550 nm = Gain-banwdith product, o | |
106 GHz (C) N Volta:ge ) °

Extracted from raw S,, curves
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Optical Receiver Sensitivity Measurement Data

A
* (]

S7 Opticaleye o 4 -
o6 SSBER, o 4,
w7 R o a4 .

o 9 *
~ 10 " 17V ® 4 u
A 47V * o
12/ o 53v—(F) A—=
12 * 59V 1x10"12 BER

30 28 -26 24 22 -20 -18 -16
Received optical power (dBm)

= *Custom TIA design from

INTEC_design,
v" 130 nm SiGe BiCMOS technology,
v' 1.2 pA input referred (RMS) noise g : 1 'R .
current at 10 Gb/s, . e
= (2°-1) PRBS NRZ modulation 10 Gb/s bit error ratios for various bias voltages
= QOperate at 1550 nm,
= Commercial LA used after TIA,

= 5.8 dB avalanche sensitivity
improvement at -5.9 V APD bias
= -23.2 dBm absolute sensitivity

*X. Yin et al., IEEE ISSCC Dig. Tech. Papers, 416 (2012).
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= Motivation

» Si-contacted Ge p-i-n Photodetectors
o 400nm-Ge Si-LPIN GePD
o 160nm-Ge Si-LPIN GePD

= Low-voltage Ge Avalanche Photodetectors
o 400nm-Ge VPIN GeAPD

= Summary
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185 nm-Ge VPIN GeAPD

3-D and cross sectional schematic

—> Better avalanche performance
expected

Il UGENT

Doping distribution (cm3)  A-A’ cut A

.6.3e+20
8.0e+17
1.0e+15

I l.le+12
-1.5e+14
-1.2e+17

I-9.5e+19

(a)

i

Electric field (V/cm) A-A’ cut A

.4.0e+05
2.2e+05
1.2e+05

| 6.3e+04

34e+04 | oo

1.8e+04
l].Oe+04

(b)

BE+H
5E+5
< 4E+H
3E+5
2E+5
§ 1E+5

(Viem)

Electric fiel

——T=185nm
—T =285nm
——T =2385nm

-100 100
Thickness (nm)

Doping & electric field distribution
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Avalanche performance

185nm
Ge
APD

400nm
Ge
APD

Il UGENT PHOTONICS RESEARCH GROUP



Avalanche performance

12
185nm
Ge
APD a
5
0
12
400nm
Ge
APD

Gain (1)

Avalanche gain

-2 -3 4 5

Voltage (V) !

-6

Gain of 10 at{-5 V
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-2 -3 4 5

Volta_ge (V)_
Gainof2at-5V

O/E bandwidth v.s. gain

H 0
o O
T T

W
o
T

N
o
T

Bandwidth (GHz)

10

T

3 4 56789012
Gain (1)
18 GHz at gain of 10

1 2

50/-
40[-

301

20

T

Bandwidth (GHz)

5 4 56786012
Gain (1)
10 GHz at gain of 10

1 2
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Excess noise factor (1)

Excess noise factor (1)

Excess noise factor

9
gk
va
6k
5l |
Al k=0.3 |
°
3 -
5 k=0.1 ]
14 6 8 1b 152 14
Gain (1)
k ~0.2
9
sk
7L
6L
5k
4v
3
2
14 6 8 1b 12 14
Gain (1)
k ~0.6




Optical Receiver Sensitivity Measurement Data

D T I I T Input Optlcal pOWer, _112dBm

A | |
3r x
2 8.3dB ER A "
E..i - @20Gbls * .
o
9 e ey ke

|| A 40V @ A @i
| * s0v[1109BER. T~ ]

6 -24 -22 -20 -18 -16 -14 - -1
Received optical power (dBm)

Bit error ratio data at 20 Gb/s

4 4
———

5« -

6F . 1

7k u ,

gt ™ -11v *

9

0

1

2 0

1
1

= *Custom TIA design from

INTEC _design
v" 130-nm SiGe BiCMOS

technology e
v 2 uA input referred (RMS) noise 6.2 dB avalanche sensitivity

current at 20 Gb/s improvement at 20 Gb/s

" (2°-1) PRBSNRZ Absolute sensitivity -17.4 dBm
modulation

= Qperate at 1310 nm

“B. Moeneclaey, et al., IEEE PTL, 27(13), 1375 (2015)
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Ge APD: Benchmark

— INTEL, Y.Kang,
E Nat. Photonics 3 (2009)
= -30
= This work, 400nm-Ge o o O
= p labs,
B -29 2& O Z Huang (2016)
c
D
N _20Th|s work, 185nm-Ge
X ] [0, 12.5, 20, 5] Gbls
p labs,
-15 <> Z.Huang (2016)
-10 | 1BM, S Assefa,
Nature 467 (2010)
-9 -10 -15 -20 25 -30
Operation voltage (V)
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= Motivation

» Si-contacted Ge p-i-n Photodetectors
o 400nm-Ge Si-LPIN GePD
o 160nm-Ge Si-LPIN GePD

= Low-voltage Ge Avalanche Photodetectors
o 400nm-Ge VPIN GeAPD
o 185nm-Ge VPIN GeAPD
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Summary

= High performance Ge p-i-n PD demonstrated,

1550 nm 1310 nm 1550 nm 1310 nm
400-nm Ge > 1 A/W in the C-band 20 NA 3nA

160-nm Ge 0.74 0.92 67 44 3 nA

* Low-voltage Ge APD demonstrated,

*400-nm Ge 100 5.8 -23.2

**185-nm Ge 140 6.2 17.4

*- 10 Gb/s at -5.9 V APD bias (1550 nm) **- 20 Gb/s at -5 V APD bias (1310 nm)
- TIA input referred (RMS) noise - TIA input referred (RMS) noise
current, 1.2 uA; current, 2.0 A,
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