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Summary

> Wafer manufacturing

C Currently available wafer manufacturer is NanoLN in China

> TFLN chip manufacturing

C Need for a stable and reproducible foundry
C How to validate the standard components
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Why Thin Film Lithium Niobate

> Lithium Niobate : a very well know material

> Extensively used today

C but Titanium ion diffusion or proton exchange technics lead to small difference of the index of refraction between the inner and
outer parts of the waveguide

C large radius of curvature, long modulator for low driving voltages

Property Si InP SiN LiNbO; (LiN)

Refractive index in the NIR ~3.8 ~3.1 ~2.1 ~2.2

Transparency window 1100 to 9000 nm

1.14 eV

Bandgap

Linear waveguide loss

Two-photon losses

Intrinsic nonlinear coefficient x™*

Intrinsic electro-optic coefficient

Optical gain
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\Wafer manufacturing Thin Film Lithium Niobate 600nm
4.7 um SiO, box

> Wafer stack
675 um Si substrate (CEA -LETI)

High resistivity for RF applications

> Done by CEA-LETIINn ELENA, further developed In the
PEPRNanoFILN

CTests with reference structures at ETHZ same optical
lossesand Vp (DC) than with NanoLN wafers

> Commercialization by SOITEC
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TFLN circuit manufacturing: CSEM

Cladding (SO ») MET?2: top gold electrodes
> CSEM stack T 1 2100 nm thi‘d’@d

4.7 [um EDS MET1

VIA

MET1

ip release with smooth facets

Clad Opening
MET2
VIA
MET1
WG
> Cladding very important for complex PIC architecture
C electric line above waveguides,
C crossing of metallic lines (difficult to avoid when pads on the edge)
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TFLN circuit manufacturing: CSEM

> Single mode guide: 600 nm wide, 0.6 to 0.8

® y propagation
dB/cm Mz propagation

WG width =0.6 pm WG width = 0.8 pm

=
o
=
o

o
0

> Multimode guide >800 nm, <0.2 dB/cm

o

(00]
HRe-+
i

o
o

> Because of the trapezoidal shape of the
waveguide and birefringence of LN, careful

o
(@)
“om
eom

Propagation loss [dB/cm)]
Propagation loss [dB/cm)]

0.4 0.4
design for correct polarization management g i
0.2 | 028 »
® y propagation
M zpropagation
0 0 T T T T 0 . 0 T T T T
1 2 3 4 1 2 3 4
wafer # wafer #
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TFLN circuit manufacturing: Process Design Kit (PDK)

> Double taper layer edge coupler: <2dB per facet
> 1x2, 2x2 MMI, directional couplers, waveguide crossing, Euler bends

> PPLN with poling after waveguide patterning
Clssue to get full poling of the waveguide

CPeriodicity of the structure highly depends on the local thickness of the
Lithium Niobate
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TFLN circuit manufacturing: modulator
> GDS of a test chip
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TFLN circuit manufacturing: modulator

> Quality of gold deposition is important.

C Cladding process degrades the gold conductivity and increase the RF losses. Under investigation
Resistance versus signal width

Cladding : not so good almost Chip run PAC-PAA c3-ch12
twice resistivity than bulk gold 8.4 mm and 7.4 long lines
45 —
] "
40 - .
. No cladding : good as same
] ladding shor I
i R e raopeoes+] | Fesistivity than  bulk gold
25 - rho = 4,13e-08 +/- 9e-11
PR b =9.24 +/-0.04
= - ¥ in pm Mo dadding long
£ ] Length {7400) in pm R = rho *34000 x/300e-9+h
930 ] rho = 2.53e-08 +/- 3e-10
] b =2 4/-0.16
3 . X in pm _ Mo Cladding short
C i Length (3400} in pm R =rho *74000/%/800-3+4b
E T rho =2.31e-08 +/- 1.9=-6
w25 b =9.3+/-0.12
(7] i X in pm
g _ Length (7400) in pm
20 -
15
10 - . —
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Reflection power coefficient  |{ |

40 ohms 50 ohms

S11 measurements from S11 measurements from
o C:\Users\T0315086\Documents\CSEM_LNOI_2023_PAA2\40 a C:\Users\T0315086\Documents\CSEM_LNOI_2023_PAA2\50
—— Sparam_M1_V2.s2p —— Sparam_M7_V2.s2p
—— Sparam_M2_V2.s2p ——— Sparam_M8_V2.s2p
—— Sparam_M3_V2.s2p —— Sparam_M9_V2.s2p
—— Sparam_M4_V2.s2p —— Sparam_M10_V2.s2p
=57 —— Sparam_M5_V2.s2p ST [ ' | —— Sparam_M11 V2.s2p |
—— Sparam_M6_V2.s2p —— Sparam_M12_V2.s2p
—10 A1 -10 A
—~15 =15 1
< <
=1 —20 A g —20 f \
— e
g 8 \\
= = \:\
N
=251 —25
—30 A1 ~30 -
_35 b _35 . ‘
—-40 . . . . . . r r _40 | | ‘ ' ‘ |
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60
Frequency [GHz] Frequency [GHz]
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RFImpe dance : OK and no influence of the claddin g PO - - gl A

—— UCEL IMEC C3_Ch3_no_cladding_M4.s2p
—— UCEL IMEC C3_Ch3_no_cladding_M5.s2p
Characteristic impedance measurements —— UCEL IMEC C3_Ch3_no_cladding_M6.s2p
1uuc:\users\ﬂm249-:)5\Ducuments\Elen.a\wr:a\runP.t\.A.AJACJ:)e.:meher72023\chch3\c|am:|im_;\|em; —— UCEL IMEC C3_Ch3_no_cladding_M7.s2p
—— UCEL IMEC C3_Ch3_with_cladding_M4.s2p T UEEL 'MEC Clghsf"ofc'add!”gfmg‘sip
—— UCEL IMEC C3_Ch3_with_cladding M5.s2p — UCELIMEC C3_Ch3 no_cladding M9.s2p
—— UCEL IMEC C3_Ch3_with_cladding_M6.52p - - - 80
T UCEL INEC Ca_Cha_wit-cladeng M7 525 S al dth/impedance
—— UCEL IMEC C3_Ch3_with_cladding_M8.s2p I g n WI I n H
—— UCEL IMEC C3_Ch3_with_cladding_M9.s2p a I n g
80 .
addi M7 :12.8 um long/50 W
Cladding .
£
M8 :14.6um long/50 W
. . g
g 60 g
= . [-%
M9 :16.5 um long/50 W -
H £
@ ]
] ;42 um | 40 W :
M4 : 42 um long »
g H
k] &
M5 : 50 um long/40 W
: 50 um long
M6 : 58 um long/40 W
20
20
0 - - - - - : -
0 0 10 20 30 40 s0 60 70
’ s “ Frziuency [GHz]m * “ ” Frequency [GHz]
Cnaracteristic Impedance measurements
Characteristic impedance measurements C:\Users\T0024906\Documents\Elena\WP4\runPAAA_PAC_Decmeber_2023\C3_ch3\cladding\short
C:\Users\T0024906\Documents\Elena\WP4\runPAAA_PAC_Decmeber_2023\C3_ch3\nocladding\short 100 =
100 == = = —— UCEL IMEC C3_Ch3_with_cladding_M1.52p
~—— UCEL IMEC C3_Ch3_with_cladding_M2.52p
—— UCEL IMEC C3_Ch3_with_cladding_M3.52p
! M10: 12.8 pm short/50 W L[ o e i
H . . —— UCEL IMEC C3_Ch3_with_cladding_M11.52p
No cladding No cladding —iamesmmmai
o M11: 14.5 pum short/50 W o
. .
M12: 16.5 pm short/50 W
:16.5 um shor
M1 : 42 um short/40 W
% S e
142 | ,u
g g
i : 5
z » M2 : 50 um short/40 W :
s \ . E
g "
E g O i
NIl M3 : 58 um short/40 W
2 . 2 40
o L E
(&)
20
UCEL IMEC C3_Ch3_no_cladding_M1.s2p
—— UCEL IMEC C3_Ch3_no_cladding_M2.52p 20
—— UCEL IMEC C3_Ch3_no_cladding_M3.52p
—— UCEL IMEC C3_Ch3_no_cladding_M10.52p
—— UCEL IMEC C3_Ch3_no_cladding_M11.s2p
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Transmission power coefficient | |

40 ohms 50 ohms

|S21] from 521| f
) ) rom
C.\%sers\TOO24906\Document5\EIena\WP4\run PAAC_PAC _Eiger_december2023C3_chl2\SParam\40ohms C:\%sers\TOO24906\Documents\EIena\WP4\run PAAC_PAC_Eiger december2023C3_ch12\SParam\500hn

—— 10*logl0(|S21|"~2) Sparam_M1_V2.s2p
—— 10*log10(|521|~2) Sparam_M2_V2.s2p
—— 10%*log10(|521|~2) Sparam_M3_V2.s2p
— 10*log10(|S21|"~2) Sparam_M4_V2.s2p
—— 10*log10(|521|"~2) Sparam_M5_V2.s2p
—— 10%*log10(|521|~2) Sparam_M6_V2.s2p

10*10og10(|S21|™~2) Sparam_M7_V2.s2p
10*l0og10(|S21|™~2) Sparam_M8_V2.s2p
10*10og10(]|S21|™~2) Sparam_M9_V2.s2p
10*10og10(|S21|"~2) Sparam_M10_V2.s2p
10*I0910(|52_l"2) Sparam_| Mll V2. 52p
_— _—

—— 10*l0g10(|S21|"~2) Sparam_ M12 V2 52p

-3dB
EE bandwidth > 70GHz

o '._.,‘, O : > \*MJ X
=61 wmmt: foos ml \‘"V

-3dB
EE bandwidth & 70GHz

10*log10(|521|"~2)
10*log10(|S21|"~2)
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W
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TFLN: modulator design: effect of cladding and signal width
> Larger signal width leads to lower losses but EO trade off because gap increases to keep 50 Wimpedance

> Gold conductivity impacts RF losses

Loss measurments from Loss measurments from

C:\Users\T0024906\Documents\Elena\WP4\runPAAA_PAC_Decmeber_2023\C3_ch3\nocladding\long C:\Users\T0024906\Documents\Elena\WP4\runPAAA_PAC_Decmeber_2023\C3_ch3\cladding\short
Fit model: a*sqrt(f) + b *f + ¢ Fit model: a*sqrt(f) + b*f + ¢
—— (C3_Ch3_no_cladding_M4.s2p fit: a=0.142, b=0.000, c=0.410 —— (C3_Ch3_with_cladding_M1.s2p fit: a=0.239, b=0.000, c=0.497
—— (C3_Ch3_no_cladding_M5.s2p fit: a=0.139, b=0,000, c=0.388 ~——— C3_Ch3_with_cladding_M2.s2p fit: a=0.228, b=0.000, c=0.456
141 —— C3_Ch3_no_cladding_M6.s2p fit: a=0.131, b=0.000, c=0.394 == C3_Ch3_with_cladding_M3.s2p fit: a=0.218, b=0.000, c=0.432
—— C3_Ch3_no_cladding_M7.s2p fit: a=0.166, b=0.000, c=0.502 —— C3_Ch3_with_cladding_M10.s2p fit: a=0.300, b=0.000, c=0.699
—— C3.Ch3_no_cladding M8.s2p fit: a=0.154, b=0,000, c=0.486 —— C3_Ch3_with_cladding_M11.s2p fit: a=0.277, b=0.000, c=0.629
—— C3_Ch3_no_cladding_M9.s2p fit: a=0.144, b=0.000, c=0.474 —— C3_Ch3_with_cladding_M12.s2p fit: a=0.254, b=0.000, c=0.618
12 1 4 12 A1

101 No cladding: r=2.5x10% Wm-! 101
M7 :12.8 um

: 51 M8 : 14.6pm ;_ 81
M9 :16.5 um
¢ M4 : 42 um - .

M6 : 58 um /

4 | - ! 1 !
41 Cladding: r=4.3 x 108 Wm"!
.
N
0 T T T T T T
o] T T T T T T T T 0 10 20 30 40 50 60 70
0 10 20 30 40 50 60 70 Frequency [GHz]

Frequency [GHz]

> Behavior in /]l - : signature of skin effect. Gold layer too thin
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Modulator EO characterization with an Optical Spectrum Analyzer

> Methodology : extract —— from ratio of optical Laserin

power of the first sideband to carrier

RF synthesizer
! Anritsu MG3694C

E‘.
{
:
{
Ei

2-40 GHz RF electricalanalyser
C ratio proportionalto L (—) L (—) Rhode Schwarz: FPS

C w : driving voltage of the modulator related to applied RF

power by & (PAAB A RMEcVc/u ®0

Laser out .
optical spectrum analyzer

, IDPhotonics

v ("—w‘ ) ¢ 0 0 QG HAVQIT i'BRQ{ b Q
: (w ) ENO QBMIBLI 1 QQid
U T

25.0GHz - 17.0dBm

1 =35 1
2> Modulator with 8 mm long ﬂ
-40 1
E —45
> Several measurements for each frequency Dby 5 ﬂ ﬁ
. . o —50
[v]
varying applied RFpower 5 .
&
-60 1
—65 1 \_~_A/_J Lv/ L/J L___~J
=70 -
-40 -20 0 20 40
Frequence (GHz)
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Measurements with OSA at 5GHz

Power of the carrier vs peak_peak RF voltage Power of the first sideband vs peak_peak RF voltage
Power of the carrier vs
0.30 4
301 0.25 1
251
0.20 1
207 3 0.15
5. N
e 0.10 1
10 1 e
0.05 1
0.5 1
0.00 1
0.0 1 T T T T T T
T T T T 1 2 3 B 5 6
0 5 10 15 20 25 30 35 Voltage(V)
\bltage(V)

er of the first sideband vs peak_peak RF voltage

> Fitof 0 versus RFVoltage peak -peak : w (peak)= 7.7V 1o}
> Fitofover RS0 t pg&@ pe adk(peak ) =7.1V os

\ ~ —
> 0 R e aappbed peak -peak voltage g 061
=1
=
—
a.
0.4 -
0.2 1
0.0 1
Ll L] L) L] L) Ll L]
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Vp measured with OSA versus RF frequency

Measurement of the VyL versus the frequency from DC to 40GHz

-#- from 10 Hz to 20 kHz
1 —* from 5 to 40GHz

3 ——IF I T T T T T ]

T T T T T T T T | T T T T
0 10 20 30 40
Frequency (GHz)

> Bandwidth: Vp is doubled from low frequency values

C which one ? DC?

> Bandwidth >40GHz but our equipment not adapted for such high bandwidth:
CProbe (cable should be OK)

CVNA power
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: |8 -
Low Vpi (DC) modulator 6} B 15—
CON R 2o
; 14} 5 sk
G +«— VIA Optical out| ;_‘_.".‘_ NE 05—, g
s (-C _*Signal width = 13.7 pm =0l
. v = a
. Signal gap =4.5 pm : =]
.| ! s g= —— Length=0.99 em
» MET 1 = 3
MET 2 AL = Length = 1.65 cm |
Clad open N = =-=' Length=2.31em ]
Cfoiillagl <ol 1 1. Length = 2.97 em -
BE %10 200 30 a0 50
. Frequency [GHz]
IOptical in 2ty | //\'\\\ G 1o . .Lenglh—lz.g? cm
> Crossing of optical waveguide to compensate for the change Eu.s- - V,=09V e
of sign of the EO effect ] e — 2 -5 I/; 55 J
E 0.4 — Sinusoidal fin E 'mﬁ ;’fdﬁ - ]
' i ' S E] Y i
> 20GHz EE bandwidth £ BN SEEEE
= 0.2F 05 01 07 ]
Bias voltage [V] |
%5 03 o1 o1 03 05 07

Bias voltage [V]
Della Torre, A., Dubois, F., Zarebidaki, H., Volpini, A., Leo, J., Mettraux, A., ... & Sattari, H.
(2025). Folded electro-optical modulators operating at CMOS voltage level in a thin-film
lithium niobate foundry process. Optics Express, 33(4), 6747-6757.
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How to validate directional couplers

N

N m?rectionazal coupl;er,. ¥ pu?opagmtign 5 g@g% :

o Bar

| |
— Cross

I and Il dintensity cross-coupling coefficients

C

| -:O 0 (Ve T VTyp T) t/p Tp Ty yToé(—)

C

- Mwmy = 00 (Jo Tyo T Ty 1/p o T\TyTéei(——)
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Two identical couplers not 50/50: # & 4
‘O JO (e I 1) P
0  j0O (p < - O J'O pand O 01
) O JO 1
0 o Tt 1D 0 'O T
‘O ] O T

Y

Olg | o|o

J O

> Two methods to calculate |l
> Check reproducibility of edge couplers
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Results for chip 2023 Runl C1 CH27 (Bar) Power(W) function of wavelength (nm)
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Results for chip 2023 Runl C1 CH27 (Cross): Power(W ) function of wavelength (nm)

| CrossTM

P Cross TE
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Vi
Intensity cross coupling coefficient versus length

2023-Runl_C1_CH27_unbalanced_Directional_coupler

14
0,91 T
— e
0,81
)]
80,71 : .
= ] With this fit, 50/50 should be
>06] —
2 0,6 . around L=55 pm
5057
0 4_3 . * Cross(Length directional coupler)
" Cross=0.94*sin(0.011*L+3.357)"2
0,3- . L=(pi+Arcsin(sqrt(Cross/0.94)-3.357)/0.011
0,2_:| T T T T T T T T T T T T T T T T | ' T ' | ' T ' |
20 40 60 80 100 120 140 160

| Directional coupler's length |

> ldentical curve using
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Thermo-optic phase shifters

A 4 identical Mzl

A MMI 1x2 7

A 0.6, 1 or 4 um width metal line

A Edge coupler

A Trenches

A Heater on both sides of the
optical waveguides

A Heater Length = 2x11x 3.7 mm

A Cladded
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Characterization of the gold deposition

Current versus voltage for resistance measurement
0.016 -

300
* Both side electrically connected in parrallel 1
1 = Only one side electrically connected
0.014-
0.012—:
] R = 1/0.0007180= 1393 Q - 200
0.01 -
S :
& 0.008 hnd
= ] 3
3 ] E
0.006 -
] - 100
0.004-
0.002- )
S , ) 7 . . R = 1/ 0.0003618 = 2764 Q
> Tabulated gold resistivity : C®Ep T Np . L. 0
> Measured resistivity: 7 v® gp T 0 5 10 15 20

> Cladding  depositon  method  deteriorates  the Voltage (V)
resistivity (also check with RFlines)
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Pp measurement with heaters connected in parallel at 1560 nm

Two heaters connected in parralel 1560

30 —0.25
i Current (mA) ltage (R=1400 Q) 3p rad I
B - urrentc (m VEersus volitage o= L
i TE (39.1V, 26 mA) i
1 ™ Il
25
- 0.2
] o T
. p rad - =
20 (27.8V, 19 mA) I o
- ~ 2 ‘
E ] - 0.15 g g
< O rad 2 pad = <
e ] r Q =
i (19.2V,12.35 mA) . (33.8V, 22.8 mA -2 =
E = B
3 | -0.1 3
i | = =
10 I S =
7 L )
| I -
7 o
- - 0.05
5 L
O _l T | T I T T | T T T T | T T T T I T T T T | T T I \_I-, I_ O
0 5 10 15 20 25 30 35 40
Applied voltage (V)
T H A L E 5 Thales Research & Technology France

we can all trust

{OPEN}

=
Ln
|

L

rJ
Ln

Optical phase versus electrical power

1.5—3
n.s.—f Optical phase = n (0.004 Peectrica-1)
: Pn = 250 mW
0 _l I- T T T T | T T T | T T T | T
200 400 aa0 200 1,000
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Adressed in ELENA/PATTERN but not presented

> CNRS developments on acoustic wave on TFLN and
magneto -optic isolator

> Photonic wire bonding of TFLNchip to fiber array or InP
gain section

> utransfer printing of InP gain section

2 RFpackaging aiming at more than 100GHz
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