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ABSTRACT

In the rapidly growing field of quantum computing, it is evident that a robust supply chain is needed for
commercialization or large-scale production of quantum chips. As a result, the success of many R&D projects
worldwide relies on the development of quantum chip foundries. In this paper, a variety of quantum chip
foundries, particularly the ones creating photonic integrated circuit (PIC) quantum chips, are reviewed and
summarized to demonstrate current technological trends. Global projects aiming to establish new foundries, as
well as information regarding their respective funding, are also included to identify the evolutionary direction of
quantum computing infrastructure. Furthermore, the potential application of lithium niobate as a novel material

platform for quantum chips is also discussed.
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o7 FA A o] B2 FAE o] RO A AL QU
F4Y B 74 193] (Buropean Commission)Of| 4]
= 2] Quantum Flagship®] 2= #| €]
1087F 109 F25 FASF L g1, &3] 3+
g 73SE A A A %’X o &F2= H5
Ath= Y8k ek FAR Q] F4- HE Eiﬂ 7]‘1}9_
2 W= 3971 Bot, vh=A| Az
Z&(Foundry) 0| A 7 s)i= 3 o] B, ‘IPEP ] HJE
Al 7ol FAF 71& WaS Sl B2 A7} ol
FojA| 1 QUe}. A& &9, FE 2022 7o) vl=
of| 4] “CHIPS and Science Act”2}= Heto] 53715 9]
o, 2009 B2E FASA =l U= AE 5
= 71983l =stal Qlar, i o ofoll A
A Az 9 o222 7o) ekE of JITH?2,3].
2o A= FA sl A T E of AAY A
31 s A AXE 2l 9 AR AHIAE
A0t ok XgEY Q= FQ TRAET ZF
o] afetezH AA A A M Ve =
wolstalAt gttt A A2 249 A B4
of wet g@ol thE 4 AL, Tt el = FAF A
T8 71&o] wastal AT, E10 4= photonic
integrated circuit(PIC), = FH X 3|2 FAF 3}
ZAE FAF ol HFto] =ostarat gt

&5t

II. PICI}2EL]

Photonic integrated circuits(PIC), A= FH Y 3| 2=

HFH|EE ol o 2 9l Fdsta] AEsHAL 5 &

oA A2 o= A= TS 252 Ao AL
93 33} 71712 ol &84 et FulE] 3ol
FHsstehe o] WA o] %, WY A2 B3t
€ @t A AR 7, 2Ed | A

= 1S FIAE 4= = 2P T EH A4, 5.
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1. Ligentec

Ligentecs> 2016 A9 A 9] Federal Institute of
Technology in Lausane®| 4] spin-offE &3l A H =
o], Kippenberg 25=9] silicon nitride(S;N,) 7]& 7|
k0 2 YA 5|2 integrated foundry AH|AZ 7|
5h= B2B FJAtO|t}. tft 3§ ZoFE A5t
U3, T jF Roprt AL 7] ol 3k
=g AH| A EofofAl= MPWE 7~203, B A
A9 ZREERQIOR 4 503, 18]t AJ4E
< {5l 24 10,0003 AXE AlFstal AUtk

Ligentece= Mach Zehnder Interferometer(MZI),
UE ] 337, B BE UXE
S HF HARIE AlEs
Ut 3 1[6]°f Ligenteco] AlE-5H= Si,N, 4
AlSF3ATE.
/\HE 4

(o]
A5

phase shifters, +

H3F spot size converter

R

o
o

J
e

o

ASHEU)Q] Horizon 2020 A7 L
55l A ¥ Q1. European Space

Eﬁ

Al

o]

Agency, National Centre of Competence in Research’s
Quantum Science and Technology in Switzerland -5 T+
9] 7]#-g B9 ¥ WL 3L, X-FAB, VLC
PHOTONICS, VPI PHOTONICS, MENTOR,
LUDEDA, SYNOPSYS, LUMERICAL & t}4=0] &
2 719 nhe o) AlRiAie) ShEL LS W ek

H 1 LIGENTECO| M35t= SiN & d5

3= Hs
Z|ti 0.005dB

Bending loss, 50um radius

Hop &4 Z|§ 0.1dB/cm
Minimum feature size Z[4 200nm
Insertion loss Z|t§ 5dB/m
MZI(Rejection) 2|4 22dB
3Z17] Q factor 2 x 108
Fiber—chip coupling loss Z|CH 1.5dB

£X Reproduced from [6].
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2. Lionix

Lionix= Y'Y 7H=0] A 2001 of] A& =] 0], silicon
nitride(Si,N,) 718F FH A3 2 9 micro electrome-
chanical systems(MEMS)2] 2= 2] A H|AE ThF
2t 3-8 FOoKBEAL BEH3L, metrology, ¥ 7€ 5
oflA A&tz Attt T =] AR A A
TERI MPWHE H-8F7H4] 50| UL, MPW
= 1,550nm, 850nm, ZL&] 3 7FA]S3A oH49] Si N,
BRAAZEE AlSstaL ot RS = A, Al
EYol4, olAlET], 121 AZE o] Zid AfH]
A% AlFskaL 7.

QuScale, REAP, SensorChip, SG-PHOS, i-gene,
PICWeld, SpaceBeam, TERAWAY 5 th=2] R&D
TAof| = Zhoqshar it

3. VLC Photonics

VLC Photonics 201139 Telecommunications
and Multimedia Applications Institute of Universitat
Politecnica de Valencia®l| 4] spin-off2 A HE AH|
o] 3JAto]t}. VLC Photonics= €17] FHAZ) 2 &
FH4& A5k fabless foundry©|tF. PIC ZAAH,
A7, packaging, 57, foundry process design kits
(PDK) & MH|AE Al5s5tH, & 2071 1) o}
=E2|9} Zo] AEsiA et EHEF I (Indium
Phosphide(InP), Gallium Arsenide(GaAs), Silicon based
Platforms, lithium Niobate(LINbO,) 5 E3}) FH 5] 2
£ +20/100/1000 3 &9, oFHE MPW= /et
oh A ® SR gt A S 25
et w2 I/ T AlFStaL QleHs).

VLC Photonicsi= @A EU2| Horizon 2020 =
O L E TR LED LT

Ao optical code-division multiple—access(OCDMA)

HES AT HE A82t Ol S 11

(Lionix®} 35 A1), frequency discrimination photore-
ceiver PICs(Fraunhofer HHI, europic} T=A), 18]
11 FA1E radio frequency(RF) 717] ¥ PIC 3FAAIE

BHE A14o] 9l

4. nanoPHAB

nanoPHAB 201580 YE=olM dHd
S|Ato]H | Eindhoven University of Technology-ofl
COBRA Institutel| 4] spin-off2 A HH S|Ato|T},
nanoPHAB&= BhFet EE(Si 719 Z3F, M-V
SR, 34, L2 5)9] =g AUAE AlE
Skal, £3] Fot 3§ ot 82 = Q= A
£ tHEt}. 800~1,650nm T8 -V nano-het-
erostructure®] epitaxial growth, thin film deposition,
Snm ©]5}2] T4 EE THF= electron beam lithogra-

phy, plasma etching ‘& A H) AT Al 9]

5. Teem Photonics

Teem Photonicsi= 1998 A0l ZefAo]A A=
AL, glass 7|9F FHAF| &2 nf g &Gt
0] A, Waveguide array-to-fiber transposers, custom
circuits, packaging, assembly 5 AJH|A U A& A
53t} 3 2[10]9]] Teem Photonics”} Al-&-5h= 32
‘5= S

H 2 Teem Photonics7t Mi&st= £ Ms

U A
o &4 Z|t§ 0.15dB/cm
Bending radius Z| 1mm
SMF fiber coupling loss Z|CH 0.2dB
Polarization dependent loss Z|CH 0.1dB
= 400~2,000nm

£X Reproduced from [10].
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6. PHIX

PHIXE= H[E@TEo)A 20189 A= PIC ot
+Eg] ZAtoltt, o] R Ed = £
3} assembly THEE ] AH|AE A|F5HaL, B4l
LIDAR, &% 717], 12| 3L YA} ok £13F PICY]
7iko] FEgtt. &FE Rl prototype?] packaging
FE 22 volume packaging AH|AE AJ5-5t
a1, PIC 8 Z3E(SE, Si;N,, InP 5)& 25 X 43gt
. 71491 AH| AR contract manufacturingola}

=

o}
+= A% E-5l PICS] moduleZ outsourcingS &
AL

14

packaging

, dicing, polishing, assembly 5 T3t A] H]—}l%
Al gttt

7. QUIX

QUIX:= 201990l Y =of A5 fabless PIC
-T2 Lionix®} PHIXIAF S3} @ a4 oF
A 79 =ofo] £35] €82 4= 1= PIC solution
< AlF3tt. o] A= silicon nitride 7|8 2AE
o|-gstal, YA HFE FHE A AFEIA &
oSk, FRF BA(FAL 7] £l 5) B FAF A
o A-&= 4= = custom solution= A FoF=1],
Lionix 3]A}7} 75t TriPleX ZAE 7|WHO & A5
Eli= g

8. National Quantum Fabless Foundry
(NQFF)

NQFF+= @A A7 204 & otal Q&= fa-
bless foundry®]Tt. 507] A7-7]3H(Institute of Micro
Electronics, Institute of Materials Research and Engineering,
Centre for Quantum Technologies §)¥ 55 A1E of
o P AR, PR FA, TAL P A B

382 H|1= 20234 2

oF] A} 71712 AT Sk, B8, ZAE 7
H|E, PIC, Z12]1L silicon donor spin qubits 2
A total o, A7FEE 9] Agency for Science,
Technology and Research(®+= A*STAR)2} Quantum

Engineering Programme O] 4] HG-& ¥ QJH12].

l. CHE eS| Xt E T EL|
1. SEEQC

SEEQCE= HYPRESZh= 3] Aol 4] spin-off& §t
SolAl ml= AL, 2AE ] =S &9
et 5,00059] 2= 3 A AZo] jleH, 4
d, sh&, e AR AFS Agt
) S B e U T L R e
Au| A= A 7jEE, A& o)A, fabrication, 18]
1 =X o]t} MPWUY dedicated wafer run = T} 7}
sotrHisl.

SEEQC+= Digital quantum management(DQM)
System-on-a-chip™©°|Zt= A|E& Hulfst=H], o]

L

= = Z] O
= 2AE JS

A|E-L2 FAF HolH, error corrections EFO[A F
HES] LE Ao] 75 A3 gl
2. Qnami

Qnamit= 20169 University of Basel2] Patrick
Malentinsky 4:9] ¢17L0] whal M5 A9 3
Apet. o] SJAHE thojol
centersS ARG A FAF AlLRE FASEAL NV T
oloHEEE ot A4 Hoo] Az 4Lt
PR} A4 Bobg 9 s LAk At
Plasma-assisted chemical deposition®|2t= IS &

o Q1% cololEES WHET, okt 7162 01§

Z 9] nitrogen vacancy(NV)

i

| A EZ solution®| Y custom solutione AT A

ol git i A 27 FAF A S AFTFic

il
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H 3 Qnami’l H3sl= 85

I ke
Lithography Z|4 20nm SHALE, Z|4A 50nm overlay
accuracy
Lithography2t 20| 282 sHAf CtY
lon etching St XS Ot 4= S(Nanopillars,

Microfluidic Channels )

Z|4 bulk membrane 40um 37|,
10~500nm NV implantation &

0],
NV OIOHEE | Hor Bl Hrare o

Al 7ts)
Implantation mask | Ot mask &| 7ts.
On-chip sensor BEHHEl 72 £2 microwavellt 72
P SO SIS

Z£X Reproduced from [14].

Qnami= ProteusQ™2H= & GAF AW AlA
5 A, 0] Fog ALHL DA FRlom 2
ALY AHGA BA2 #1%E NV tololZE du]F
0]al, T-&3hs L Eolet A AlFH ol A
A Aol ol LFAH ot A 2] 4o]
WA ghote 2gol 7ot =13l & 3(14]°

Qnami7} Al Z5h= 9] 452 HA5H)
IV. Lithium Niobate

2L E4 7uko 2 ke pICE A Fo = ot
= 7Fs/del digt 417} ©@o] o Fof A AL At &

lithium niobate(LiNbO, & LN)O] %A} Fofo] A
10 31418 uk 31 9t}
LN-2 electro-optic coefficient”} T-¢- #0FA] HA]
" HEH electro-optic modulatorZ AHESHA|TE, X
0l Smarc-Cutel2h= 71&9] /i Y29 lichium
niobate on insulator(LNOD)9] thin film 7]&0] ¥4
ShaL AFStE A FAF A A 7 Aol SRt
[15].

I 10 WERA bke} o], Smare-Cuc©l2h=

ol A= LN wafer®] ion implantations S}, im-

&1'

'-r‘

HoJ Al SiO, wafer®}t Z-°] bonding?tTt.
@0 2 B-& 7+ bulk LN £2]5j|A] THA] &

—}[\—7 } 2137, chemical mechanical polishing(CMP) 2+¢]
< o1 Si0,0f 'Fot -2 LN thin film FEjolt}
[16 17].
L0

S o] Z4o]

- non-linearo}™, FA7} LN E2-& 55l sponta-

=+ electro-optic coefficient €

neous parametric down conversion(SPDC)0|2}= I+

* Surface Oxidation

+ H Implant

BARRAE

Flip and bond to
handle wafer

Handle wafer

+ Bubble Formation

¥ oreak

* CMP and cut

SOl wafer

Z£X| Reproduced with permission from [17], CC BY 2.5.
721 Smart-Cut 7|1& 72T
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dE Bl AR AE E SE A, w2 Y =
AE 9ol PICE W 4 § 2A v £71 Aot
= &30l qirHisl. o] FA, FA Ao Fa%t
E421 LNOI AlEE wfiot= 3|4k} LNOI 7]
< ARtk

1. Partow Technologies

Partow Technologies= 2012'A°] University of
Central Florida®| 4] spin-out2. 2 A E vl= 3JAf
o|t}. Partow TechnologiesOl| A A|-8-0k= F8 A&
2 LNOI thin film®] 3L
WS ARE-S|A] LNOI thin filmE THEO]A] Thof
3t} T wafer bonding A H| AL A|F-5hH, HIE
Al LNYEO.Z wafer bonding 292 & 4= Q1=
2 of1, thE wafer'= AH|AE

t}. MZ modulator, Micro-ring modulator, Acous-

, £73] ion slicing(Smart-Cut)

P

=4

Ry

to-optic filter, SHG integrated device, Acousto-optic
Beam-steering device, Transducer, Lithium Niobate
integrated photonics, MEMS resonator and RF filters,
Pyroelectric detectors 5 &A= LNOIE &85l 4
TtE= AL AR AL Zo]t}, H 49 Partow Tech-
nologles7]' AF5= LNOIQ A5-S HA|5FT].

H 4 Partow Technology?t H|335tk= LNOI2| spec

s ds

27| 100mm £ 28 A|(76~100mm X|Z)
LN: 600nm(E= 2& A 300~1,200nm)

S

Si0,: Tmm(E= 23 Al 0.5~Tmm)

Crystal

. . X
orientation Cut
Sl uniformity | ZICH 3%
BH AR E|f Tnm
A bS]
Si HIx{E |2 5,0000hm cm, Al

0~20,0000hm cm

£% Reproduced from [18].
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I 5 NanoLNO| H[33t= LNOI2| spec

3= 45

37| 3~6inch X|&

S 300~900nm
Crystal Orientation XY, Z

Z£X Reproduced from [19].

2. NanoLN

NanoLN< 2010490 A8 H F= 3JAto|H,
LN thin film wafer®} lithium tantalite thin film wa-
fer(Surface Acoustic Wave A7-2)E THlj S, Partow
Technologies2} B]S26HA| Smart-Cut 7] &2 E-8-5
Al thin film& A28} WS}, Ton implantation,
wafer bonding, polishing, dicing 5 AJH|AZ A&
o, Yol T2 &4 wafer®t %= Smart-Cut 7]&

2 O] 8] thin-flm TEL AHAE A5}
[19]. 3 5°] QnamiZ} Al&5h= H9] /d52 HAI5
k.

3. Project ELENA

Project ELENA, 1= “European electro-optic and
nonlinear PIC platform based on lithium niobate”
£ ollA 2022 1€ 190]] AIRSE 22 A Eo]
o, 39 &<t soot f-&27t FAHEL o] HAlE &
6] LN E2F 0% PICE Y= ZS AFskaL 9l

FHl T58= AeshEA LN PIC vh2=2
P 0] BHold), o AL TE 53 714
PIC 3= ]9} Zro] 2020 Horizon programme]| 4]
PRI It ELENAS *%9oh= E99] 8 3
A= CSEM, VPI Photonics, IV Lab, Soitec, ETH

mlm

r"—‘l

Zurich, Vanguard automation, Thales, Rosenberger,

L-up SAS, “12] 31 CEA-LETIC|tH20].
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g7t lon, AFEE prototype THET 24
Sh= dAlCIAY, diftE e IA S st
S SEAY SR H 2 4HASHE o wE] AYyE
WA = 3L U

Quantum Flagshipol‘/]' Project ELENAS} Zo], &
ol A A W o} B FAE W ok )%
of| &= Z|<X CHIPS and Science Act® Q18] W2 2}
o] FAEIL Qlo] Tho] Al AL, oFF] A
wrel s e g wol B7hElo] X ik 1
2t 7)o B Hy ohdRt FE 9] sk =)
thebd 7ol Qlxele] g B o Aol 4t
F3to] B 20| g Aot

Multi Project Wafer(MPW) AH|AE St 17H0|
3t wafer SHLIE 20| LIRIM ARBE 2= U=
7t &2 DENELL Z2EERIS JUSHs O DY HHE

= AS[21]

o
2~
nn

M| X] 941, A7 2FES O ANREA TR0 2 = U
E1, MHQ| HXE= Q8 3|AE S5l outsourcingdiA] A=
[22]

Packaging PICOIA packaging0|2t= A2 20|, 557,
modulator, beam-splitter & LISt EE2 oLt RICE &
g5t= &Y. Packaging 0= PIC AHIZE 28 0220,
HS38k= enclosuredf] 201 2F ZMRQt & HAS = UA 5t
B

rir

Process Design Kit PDK= IH2E2|7} fabrication 2P0H|A
ArEste MUS 2J0|g. PIC AAXI7t PDKE AMS3HAl 11240]
otz QAZ O g S o= A =1 T UNYe XY &

#e 2E([23]

ot0f 32|
LN Lithium Niobate

LNOI Lithium Niobate On Insulator
MPW Multi Project Wafer

NV Nitrogen Vacancy

PDK Process Design Kit

PIC Photonic Integrated Circuit
S|
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