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|. Hydrogen annealing treatment: a way to minimize scattering loss

By Erwine Pargon (CNRS-LTM)

ll. Hydrogen annealing treatment: a way to boost Si photonic
platform performance

By Quentin Wilmart (CEA-Leti)
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Silicon photonics applications at Leti

mgh-speed interconnech
for optical communications

* Telecom

* Datacom (datacenters)

* Computercom (on-chip
communications between
processors)

28GB PAM4 (56Gbps)

High data rate modulation
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3D integrétion

\ Szelag et al., SSDM, 2018 /

3D sensing

Solid state
steering: optical
array for LIDAR.
(using SiN waveguides)

electrical
contacts

N. A. Tyler et al. Optics
Express, Feb. 2019

beam
phase

~

/

* Neuromorphic computing
 Artificial intelligence

Linear operation (matrix
multiplication) with large
Mach Zehnder arrays

| I:'-Hr:n:;ﬁ;cep technology ®ELEC I
towards BOgE performance sensors
/ Quantum photonics\

* Secure communications
* Qcomputing
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NbN based superconducting
single photon detector

\F.A. Sabattoli et al. ICTON ZOly




Silicon waveguides

) Silicon wire waveguides based on silicon-on-insulator (SOI)
structures are key for highly integrated, ultra small optical

devices

J High index contrats SiO,/Si:

- Tight confinement of light

- Small waveguide

- Tight bends

—> Dense integration of components on
a chip

) But Scattering losses dominate and
compromise the Si platform performance

Grating coupler

AR AR R RN ISV

STRIP WG

sl dalpir @ELEC.
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Ring resonator
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towards BOgE performance sensors
*

How to decrease Si WG scattering loss? B @j

) Scattering losses are mainly due to the sidewalls surface roughness of Si WG after plasma patterning

Silicon waveguide after plasma etching

v" Si Line Edge Roughness (LER) =2,5 nm (RMS=0.8nm)
(with 248nm lithography)

v" How to improve starting from this?

X1568K 288nm

J How about H, annealing treatment after Si waveguide patterning?

. . . . . Lamp 20kw
H, annealing leads to Si atomic surface migration P20
Process parameters:

N. Sato, Appl. Phys. Lett. 65, 1924 (1994) o
v" Temperature (300-1100°C)
1150°C-80 Torr H, gas flow [ Water o pressure (0.5-600Torr)

- - -
o T ﬁ v’ Time
~ * e W
< 3 e g
; T e "_,\;

Epitaxy chamber -Epi centura
pp——

Before H, annealing




H, annealing impact for Strip waveguides

Profile

350*350nm

Before annealing

W_

H, annealing
850°C/20Torr/1min

- Si reflow: Rounded and
swelled profile
- But width preserved

Roughness

AFM on sidewalls

Before annealing

LER (30) = 2.5 nm |
RMS (0)=0.83 nm

164 % LER decrease

After annealing

Atomic
step

LER (36) =0.9nm
RMS (o)=0.3nm

— Atomic scale smoothening

Al datei @ELEC
Photenics technology
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Optical Losses @ 1310nm

—m— Without H2I anneali'ng
Sr —A—WithH, annealing )
4t
3' > 50% decrease |

a (dB/cm)

121

. = 15 1.7

1@\_ - 1_d_B/EW&0.§ -
[ |

O I L I I I
300 400 500 600 700 800
Waveguide width (nm)

- Significant optical loss reduction
for all waveguide CDs

- Record loss@1310nm for 350*350
WG=1.1dB/cm

C. Bellegarde et al., IEEE Phot. Technol. Lett., 2018 13




H, annealing impact for RIB waveguides

Profile

350*150nm
Before annealing

Si

H, annealing =
850°C/20Torr/1min l'

After annealing

X188K 380nm

- Significant profile deformation
- No SiO, interface at the bottom
to limit the reflow

Roughness

Before annealing

LER (30) =2.5 nm
RMS ()= 0.83 nm

i- 70%

After annealing
"

s

LER (36)=0.7 nm
RMS (0)=0.23nm

it L g el iy @ELEC
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Optical Losses @ 1310nm

15+ 15 —a— Without H, annealing
—4— With H, annealing

o (dB/cm)

o
o

03}

300 400 500 600 700 800
Waveguide width (nm)

—~>More significant roughness
decrease compared to STRIP

- Significant optical loss reduction for all
waveguide CDs

- But the profile deformation and CD increase
could be detrimental to other optical passive
devices




H, annealing optimization for RIB E““®_'|

v’ Better CD control ¥ Higher roughness v/ Slightlossincrease\
S

Decrease Temperature S 135 nm 12 - 08, .
T<850°C S 100 Toa _0s o |
£ x 0.6 £ 0%
£ | .
. g —1 0.4 w 0.3}
850°C/20Torr/1min 0 ; 02 02
S 7 .
350*150nm / X106K *"385na 0 850°C  T<850°C 00 ge0c T < 850°C 00 e T <850°C
Lower temperature offers a good compromise between profile deformation

Qnd loss improvement in RIB, but losses in STRIP are of 1.8dB/cm /

X100K 388nm



H, annealing optimization for RIB

it L g el iy @ELEC.
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Decrease Temperature £ 140} 135 nm
0 120
T<850°C § 100
5
850°C/20Torr/1min 0 ;
X100k " '389nn 8 850°C T<850°C

=

350*150nm

v’ Better CD control ¥ Higher roughness v/ Slightlossincrease\
S

1.2
_ 10
Eo.a—
x 0.6
L
0.4

0.2

850°C  T<850°C

Lower temperature offers a good compromise between profile deformation
and loss improvement in RIB, but losses in STRIP are of 1.8dB/cm

/

0.6

850°C T <850°C

v' Better CD control

£
X100k " '380nm £140¢ 135 nm \
$120
$ 100t 80 nm
g
£ 60
S 40}
S 20
n 0
ELOBR caRAnE O P=20Torr P> 20Torr

Increase pressure
P> 20 Torr

RIB profile deformation and optical
while maintaining optimal optical losse
RIB :00 @1310nm= 0.35 dB/cm

STRIP :00 @1310nm= 1.2 dB/cm

Higher pressure offers the best compromise between

v" Lower roughness

N
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o
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0.0
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v Lower loss
£

)
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¥
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LETI's silicon photonics platform [ @m_..l

° 200 mm Si photonics * Process building blocks 2D grating coupler Ly
platform " Multilevel silicon patterning
" Substrates : 8 SOI 310nm ® PN Silicon junctions
" Germanium photodetector
|
> 200 steps " SiN waveguides
= 24 litho levels " Integrated resistance (heater)
= 40 metro/control steps : [1I-V for integrated hybrid laser

Planarized BEOL : 2 AlCu routing levels

* Photonic design kit with device library (MPW offer)

Platform developed for telecom, datacom, sensing and alternative

computing Siring

Metal2 1 T 1 \\ resonator
Metall U

Heater

IHH.I:I--I-II.LI.I

Silicon waveguides

PN junction
modulator

Ge photodiode




Low loss Si waveguides in the full photonics platiorm - 1=-......., ®
Hydrogen smoothing annealing applied on the full
silicon photonics platform No smoothing

= Targeting ultra-low loss on 3 types of waveguide (strip, rib
and deeprib)
= Si;N, hard mask on top of Si Strip WG

= Impact on passive components ? (grating couplers,
transitions, MMI...)

= Impact on active devices ? (P-N junction for Mach Zehnder
modulators - MZM)

Metal2
W_
via
Metall Deeprib
Heater WG
7

] (in MZM)
PN junction Ge
modulator photodiode

Rib WG

BOX Silicon waveguides

Si substrate



towards BOgE performance sensors

Low loss Si waveguides in the full photonics platform B @j

Hydrogen smoothing annealing applied on the full
silicon photonics platform No smoothing Smoothing

= Targeting ultra-low loss on 3 types of waveguide (strip, rib 300n
and deeprib)

= Si;N, hard mask on top of Si Strip WG

= Impact on passive components ? (grating couplers,
transitions, MMI...)

= Impact on active devices ? (P-N junction for Mach Zehnder
modulators - MZM)

Metal2
W_
via
Metall Deeprib
Heater A | 3 WG
= -

(in MZM)
PN junction Ge

modulator photodiode

Rib WG

72

BOX Silicon waveguides

Si substrate
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Low loss Si waveguides in the full photonics platform  [F coe @j

. Propagation loss mapping (dB/cm)
* Propagation loss measurement 0.3

Rib

A =1550nm

. .015 .0 140.05
Rib C-band ® no annealing

F
Strip C-band [ — ® annealing

0 k10.04 0.06

(0N0%30.12 015
0. 130 150. 12

Rib O-band [
Strip O-band | —
Deeprib O-band |
0 1 2 3 4

Propagation loss median value (dB/cm)

= Efficient sidewall smoothening

Strip
A=1310nm

= Good wafer uniformity

= Qutperform advanced immersion lithography waveguides

0.1dB/cm (rib) ; 1.1dB/cm (strip)

— State-of-the-art!

Median: 1.1dB/cm ; o: 0.23dB/cm




Impact on passive devices

e G@Grating coupler central wavelength. Target = 1310nm

2-silicon levels apodized
grating fiber coupler

A (nm)

131513141313131411316)

13141131513141314(13151317

1314{131413141314113141318

131513141314131513161317

1313131313151315131513161316|
1315 131213131314
131613131314131

Median: 1314nm ; ¢ = 1.9nm

1325

1317

1308

* Directional coupler transmission @1310nm
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v’ Central wavelength
v’ Grating coupler insertion
loss = 2dB / grating

~ no impact of annealing

100 ¢




towards BOgE performance sensors

Impact on Mach Zehnder Modulators (MZM) e

=]
— =1 :

 Mach Zehnder Modulator based on P-N
junction for high data rate transmitter

wuooge

GQGbps NRZ = 28GB PAM4 (56Gbps)
1mm
5 T I T
4+ ", .
e e . e - a_ _ .=J __________
Smoothing annealing on modulators: @ al " ]
* No effect of the smoothing annealing (>800°C) on the P-N junction = 2 ) o F |
* Efficiency preserved (VL. = 1.6 V.cm with or without annealing) [T e i
.

1t - .
* Total loss of MZM reduced by several dBs | = Smoothing
(1.5dB gain with Imm-long MZM) olln no smoothing/

0.5 1.0 1.5 2.0 25

VzlLz (Vcm)



Conclusion = @j

towards BOgE performance sensors

* H, smoothing annealing for sidewall roughness reduction

e State-of-the-art propagation losses @ 1310 and 1550 nm

< 1dB/cm for strip WG ; 0.1dB/cm for rib waveguide

* Performances of passive and active components of the photonics library are preserved

— dBs power gain in complex circuits (Datacom, LIDAR, neuromorphics...)

(a)
HghQ DWDM
n [ ] mlcronng
H Ig h | Ig ht Tunable laser {»

Pump ldler |gnal

Low loss is essential for integrated Quantum photonics: sync @& e
. . . . . O . B

- Entangled photon pair generation in high-Q micro-resonators ssps ! \so:sy "
- Manipulation of single photons in a large circuit o wr 1] @

First results:

F.A. Sabattoli et al. ICTON 2019, “A Source of Heralded Single Photon Using
High Quality Factor Silicon Ring Resonators”

H. El Dirani et al. GFP 2019, “Low-Loss Silicon Technology for High-Q Bright _

Quantum Sources” i Time 3605

0.0 —— P
-10000 8000 BOOO 4000 2000 0 2000 4000 5000 8000 10000

* (pS)
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Power = 370 uW







Thank you for attention
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