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Fig. 1. Single-pixel design. The lumped-element resonator is capacitively coupled to the readout line.
The area within the blue dashed box is the inductor region, surrounded on all sides by interdigitated

capacitors. The overall size of a single pixel is 129.5 pm x 119 pm.
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Fig. 2. (a) Schematics of the frequency crosstalk simulation between two horizontally adjacent pixels;
(b) Simulated frequency crosstalk as a function of pixel spacing X, where blue and orange correspond to
low-frequency and high-frequency pixels, and circles and squares correspond to cases with and without

a rectangular frame; (c¢) Simulated frequency crosstalk as a function of the resonant frequency spacing

between horizontally adjacent pixels.
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Fig. 3. (a) Schematics of the frequency crosstalk simulation between two vertically adjacent pixels; (b)
Simulated frequency crosstalk as a function of pixel spacing Y, where blue and orange correspond to
low-frequency and high-frequency pixels, and circles and squares correspond to cases with and without
a rectangular frame; (c¢) Simulated frequency crosstalk as a function of the resonant frequency spacing

between vertically adjacent pixels.
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Fig. 4. (a) Schematics of frequency crosstalk simulation on both sides of the readout line; (b) Simulated
frequency crosstalk as a function of the resonant frequency spacing between adjacent pixels on both sides

of the readout line.

N TR, A RO L B TIRAE (0, = 6 pm), MVAHEESTCY 123.1 Q, M55 AL
B SR AR IERT 50 Q FFAEFLST, PRI fPAE W] R BT R BE R, S Bt Hh 2k 5 15 5 4k 2 1] Y L7
VCRL, BEARAR S ST, AT YIS RIEHAESIE 7 50t T 2 REGEHM4%. BAr s 3 —9 GHz,
BRI T: o, 46 H 98 (0. = 3 GHz, 0, = 9 GHz) #iE @iy hOiiA 0, = 6 GHz,
PEMAFEN BT L w = (0p — 00)/0m = 1. FEARIETFEEAR AT Zo = Zip, SEIMEI Zn1 = Zow
(Zin < Zow) s WEBBHBTIE r = Zow/Zin = 2.46; 4 r = 2.5,w = 1, 8% n = 6. XPHETTHATIH— (LA
W, W14 Zo = 1, Zr = r. HAUICEREGLHRE BT A ButE 20 £ Zs A LHEbuE, 5k
Zy & Zg W AKX EARE]



r
j=(n/2)+1 to n n+l—j

Z e, RRIA—ACRI BT SR (e, BIRDA 50 Q, 3R SCPRIEbT. A5, RIES B EytE, K
PREN X L1 B B B A R Y LR ey HEMIVIR A5 BUE TR AR L

1 1 c
= —DAp=— - 4
16 16 Hm Eeff ( )

Hor, ¢ HEEHIEHE, oy MHABEMAABMEFEEL. HHHRM A RASOI SRR VIR, Botss
A 5(a) Bs, M2 8 TR R B e RUBA IR 0 P BTRE  28 AT 2 S 101 A% 1 2 )
DiEL, S5RAN1E 5(b). SRR Su AR TARBBIAE/NT —11 dB, RIMESE4ReReE 92% PA L, Wi

JE R KID RS SEAF B ok
@) ®) ,

5 6 7
Frequency [GHz]

E5  (a) 8 TRHHTHEHLM 25 BT AT (b) BHHTFE M2 E S1r, FE TAERBLA# VT —11 dB.
Fig. 5. (a) Design of the 8-section impedance transforming network; (b) Simulated Sy; of the impedance

transforming network, which is below —11 dB within the working frequency band.
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Table 1. Design parameters of Chebyshev impedance transformation network

Zo A Zs Zs 2 Zs Zs A
i (Q) 50 111.9 269 1719 303 1719 558  123.1
KB (pm) 1129 1179 1070 - 1166 1081 1166 1139 1182
$ERE (um) 1218 9.2 369 4 308 1 95 6
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BIICHE N 4.117 - 8.470 GHz. XX St AT 2 Wil & SimE A B, n] AKX A5 L2 K B Sl iR
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Fig. 6. (a) Overall layout of the detector array, with 10 readout lines in total. All 20008 detector pixels
are densely distributed within a circular area of diameter 24 mm; (b) Local frequency distribution of the
first readout line of the array, with the first pixel starting at 8.470 GHz; (c) Alignment mark at one corner
of the array; (d) Impedance transforming section and bonding pads of the readout lines, with a spacing

of 3 mm between adjacent readout lines.

[, R BRAEZK -7 1] _EAH SR R A IERIR W] A 200 MHz DAL, 2 EUNIE: H 2 M5 1) _EAHSR1R
AR A FEAE 300 MHz DA_E, FATR M 2318 568 77 A BB A AR R 2E A T HEA T SRR TN
P ERAY (55 1 MREIEIRIFR N 8.470 GHz) MURKHET, JeHfis i & T B R, M2 b
TR E; IR AR AME R (LN 8.470 GHz 55 8.462GHz), 1245 [A] /K FaliE A 450 pm, H
[F] [ e A HART B (8 3% 25, KPS 150, i IR ER, FERRI 2 A a] B 300 MEFIRAGR,
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10



23 1391 2 4.837 GHz...... %75 ] _EAHSRIR R A TRATA 5] B 25 /2 AT BT 2K,

BEAN, T SRS R RE SRS A TR B TE, FRATHEZR I B2 A DU /3 23 B T 0 HERRIL,
Wk 6(c) Frs. RESRICH+FIE, H—piERRCh 3 DAL+ TR, Lo ih 10 pm,
30 pm, Al 70 pm. AL FIEARCBOT RS R UER RS AXTES %, A B TAeEPR R, SC
AR 2 5 A B FES R R BEGHEE, 3R e e, [ 6(d) S miakiseh ded Hh s ) BELBTUR e 70
IR

2.2 WIERPEINRTT

AFFASPERE Z B RAPEHIX (B 1 39 pm x 39 pm RYHRUEIX), FAMTEBII & 75
GRS LR ROE SRS . B0, B B TEGA Zemax AT, W 7(a) PR, 58]
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Fig. 7. (a) Simulation setup diagram of the microlens, with a lens thickness of 1 mm and an air gap of
0.8 mm between the microlens and detector; (b) Defocus light spot diagrams at optical and near-infrared
wavelengths, showing that the spot sizes remain below 40 um for a defocus range of + 200 um; (c) Local
view of the microlens array under the microscope; (d) Photograph of the fabricated microlens array; (e)

Alignment marks of the microlens array and enlarged partial view of the alignment marks.
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Table 2. Design parameters of the microlens array

ZH EACIEN
MBS ML-S150-F1.5
FHEH IR JGS1
R 26 mm x 40 mm
JE R 1 mm
FRIH 1.5 mm
i ~ 1.456
il FR 2 0.684 mm
THITIEAR EXE
TEIC[AlEE 150 pm
HeF) 7 X i
P KA 400 ~ 2000 nm
JE AR 4+ 0.1 mm

3 ITZE5NH

3.1 EIMIZHE

FESIH T2 s AR a8 s, LM s28un 3is, Bk &2 5aF:

(a) )7, ASICRM 4 %&b JEAE 150 g FRUTEHE 7 B ol AT Al G, e TR AT (R A A
P MU E V5 R AR PR, T IR R A0 BT e ORUL IS S TR EDEAE L. SR BREE
RIPA PSR, [k R AT AL P RN Bl A s e, e AT, HET
TR RS, T Rt IR TR P A 2K T

(b) I, Ry ¥ HEsEAH -5 Y2 I PR L, SeAERS IR A BEdR — 2 AR, FHETR — Rt RR.
IR R B RERFE, iR ek th, 2 SEOLZIIR TGRS > B s e IR P ARG Jo IR
W, JE e e e BT R AL, .

(c) Jezl. 3. AICRM DWL66 + WOt HSEZML (1 pm 53k) 247 HE W EEEDE. Bt
PP IR G GO &, FEOLR RN, 2 SBEIBL A, HAZ B, b FESIHR % H.
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(d) Pt HE B ASSCH ] Kurt J. Lesker 22 PRO Line PVDT75 348, SR Ef#EIE IS T 20E
Pl SRR, SR 50 W RS PR URR HE SR SEHitiksy HE 8065, AR ERIEM R MR A2, FIE
ST, Wbt R 2% 2.08 nm/min, FZIEAL 100 nm HE HEE.

(e) #f HE WL, KRUUBUA HE #EIRAYRE AR IEAE N RV RO i 0L, LI eIk, KB et
ZIRE Ly HE WS B ROk, SRS, KFRER RS 22 S NI T PR S VUL, AR IR B B R TN ' 200 e B2
b el 5 7 W 2 ) P 14 D) 3R R ], 3 O 75 ) 3t A sl P o [ e i 5 25 ERE By 7

() WS Nb . R AR B W 120, e sse iy HE S IO Nb . R AT 900
WIS Nb R R SC T, PRI, M2y 68.2 nm/min, 2P 150 nm Nb

(g) ~IM&. 2% (b) HAfEAHIR.

(h) ezl B¥. 5K (o) BAEME.

(i) ZIfth Nb . ASORM HZ-R200 RAHE G 45 3 T2 MLt T Nb i gLz, 21 i<
A CFy A1 O BYIRA A, ZI0hi 2y 21.4 nm/min. ZIM5E)5, FfEm il PR R FRmRIBE, Jf
A MFAEAT @M (A SR F R LIS, #ifk Nb 52420 h EREATIE, 800 20 A 247 2 Bt
PHALRE.

(1) M. KUY HE WIS Nb JEIE R AR UR A NER . SNBSS 0L, R0, 1t
Ao R [ Ao R R P D AR ). e J P U, ) R BUR B R dEA T 0, S8 B R A )
T 25
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Table 3. Process parameters for array fabrication

Fre LR TZSH
(a) %R N 8 min; FNEE 5 min; 100 °C 4t 1 min
(b) )i Bk AR 300-80NEW: 800 r/min 2 s, 4000 r/min 35 s; 100 °C 4t 2 min;
YZIfiE AZ6112: 600 r/min 6 s, 4000 r/min 40 s; 100 °C #t 2 min
(c) Yz, B BEt: power 180 mW, Intensity 40%, filter 12.5%, 20 min 38 s;
B 7X238 B, 1 min 20 s; 100 °C 4t 2 min;
O, Plasma #J/B: 150 W, 1 min
(d) Mo HE 3 AKEZS <5 x 1078 Torr, J5Ih% 50 W, Ar 5% 2.5 mTorr;
Tk 180 s; IEIEAT 2880 s; JEJE 100 nm
() & P 40 min; 528 10 min
(f) MRS Nb I ARESS < 5 x 1078 Torr, HTEIZ 900 W, Ar K& 9 mTorr;
TS 60 s; IS 132 s; JEE 150 nm
(2) )i Bk AR 300-80NEW: 800 r/min 2 s, 4000 r/min 35 s; 100 °C HE 2 min;
FZIfiE AZ6112: 600 r/min 6 s, 4000 r/min 40 s; 100 °C 4t 1 min
(h) Yz, B BEt: power 108 mW, Intensity 40%, filter 12.5%, 18 min 58 s;
B ZX238 WU, 2 min; 100 °C #E 2 min;
O, Plasma #J/B: 150 W, 2 min
(i) Z RF power 50 W, CF, 80 sccm, Oy 8 scem, Press 30 mTorr, 7 min
6)) T N 10 min; S NEE 10 min
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Fig. 8. Schematic Diagram of the Array Fabrication Process.

3.2 KID BEMli

oo, X HE S T 20 Bl s R b T 7SI e R 3G i e o i O R 454,
R AR Rl i A T IR A I B T S IR, ELVR BRI S T LA S A A SE R/ ], RERS R LS
SR E S SR, U R QT RAR I A ) PR IURE, HERE SO TR 2 AT )
S AR TIFERRE R FUAE. Q: (BT, BRI RN AR 1 PGB, RERREHIGBUR, X R )
REPDHGE, ZAEES KID AMEPERER XESE. & 9(a) 2 100 nm HE @ Eas 0 H b — N ikas (8
A F L) 0.894 GHz) MiEHRIGREIR A8 (k. K35 BCS SIS, T ST SRR, 7oK
RRLT, RT3 A I S S A UK. ISR AR f = 1/(2nVLO), Hdr L Wil
T LR (LA SRS LR A, C iR R0 R 2T, S HUBR I & S BORIRIR IR, B
TEIRIE AT RS I, R T3 B RN 2 S EGEIRE A N PRI T PR Qi AR, SURRS A 2 it ot
WEOTRE AKX Qr = 1/Qi + 1/Q., b Qc MG ST NEL, —BORBEIREAAL. Q. FIETRIE: R U
b, Qi BTS2 Q FRAR, 2RI E0kIRIE i 58 HIR A .
FATXTE 9(a) IEHRAR A RIR B IR R A A A T LA U AL A L IR BE T R
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A —E B RS, S BORF i Y 52 B LB 1 Tl BE VT, DR Il FE AR T +6 mK 48
1k B SHEARRIE To YRR ST RIGE N 350 mK, UAEPRIIE 9(b) PR, B, 2ERS hikE
IR SR Sae I B, 2L AL A L. MR, £ 16 mK 2 86 mK BRI, Ak 558
Bl KA, AS 2SS o 2y 0.937. [N, AT (5 5212 S L, = 22.5 pH/O, a ~
0.945, o HILEEARHGIL, Bk T A SR A ATEE M.

(a) (b) oo

8 fF— 20mKW-, " 0+
— 25mK
9 30 mK \ 2
35 mK
o 10 40 mK 5
o 45 mK 8
=1 50 mK ©
o 55 mK = 10
bt 60 mK q
w0 12 65 mK 12
70 mK
131 75mk -15
— 80mK % Measured
14 81 — Fit,a=0.937
0.8936 0.8938 0.8940 0.8942 0.8944  0.8946 0 20 40 60 80
Frequency [GHz] Temperature [K]
(c) (d)
1600109 ¢ @ -@- 894.52 MHz 51 —— Resistance
140 T N\ ~@- 959.66 MHz
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O
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1
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9 (a) 0.894 GHz ii¥iRa FIEHRIGERE IR 192281k (b) 0.894 GHz 18R e T R4 i B 1t it i J2 1922
5 (c) 100 nm HE SR RIS FIE RS Q FEIRAZRAE(L. 10 mK i) Q; 1 60 k 55 160 k Z[&); (d) 100
nm Hf 57 EPH-TR i 28, Te ~ 350 mK.

Fig. 9. (a) Variation of the resonance peak of the 0.894 GHz resonator with temperature; (b) Temperature
dependence of the resonant frequency shift of the 0.894 GHz resonator; (c) Temperature dependence of
Q; for 100 nm Hf thin-film coplanar waveguide resonators. The Q); value at 10 mK lies between 60 k and

160 k; (d) Resistance-temperature curve of the 100 nm Hf thin film, T ~ 350 mK.

B 9(c) e T &R Qi BEIREERAZAL, WA R, 15 IREH Qi 7£ 30 mK DA BHEA. 1k
10 mK WA Bl iR mfE, 78 60 k 2 160 k Z[A]. 30 mK PATRY @ FFEFATHIBUME, nI{EAHRI AR TAE
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K. R T 30 mK 5, Q@ JFIAMEEE . 80 mK i, Q; EART 3 k.

Bl 9(d) JE7R TR P i3RI A5 100 nmHE #EREAEARIE T ) f - T SRR P i 2, 2528 o/ ks
HLEE Te ~ 350 mK, 5 Coiffard 45 P01 SRR T2 Hi&m HE WK To ~ 355 mK JE# &

5

o

BeAh, ST G R SO0 85 nm HE JEREHERT 7 3RAE, TEAMTA 65° 0L N IHRIE M « SAHAL
% A, R BRI 0 IR K P 455K 10(a)(b). 28GR GG G e A 5
VIR Bt L AR SR PO 10(c) BizR, FERHE 400-1000 nm (¥3FE 4, 85 nm HE #EEIHY
W ISCRAE 39-50% 22 ).
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[
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110 (a) 85 nm HE FEEGTHTR n BB AGAE4L; () 85 nm HE JREIHE R4 k BRI A2E1L; (c) 85 nm
Hf FERESCRE, B G DA RO B K 78K £E 400 nm-1000 nm KB, SUF2EAE 50-60%,
BEHSRAE 1% AR, ACRAE 39-50%.

Fig. 10. (a) Variation of refractive index n of the 85 nm Hf film with wavelength; (b) Variation of
extinction coefficient k of the 85 nm Hf film with wavelength; (c) Variations of reflectance, transmittance
and absorptance of the 85 nm Hf film with wavelength. In the wavelength range of 400-1000 nm, the
reflectance ranges from 50% to 60%, the transmittance is below 1%, and the absorptance varies between

39% and 50%.

TESERE HE W T 2SR eA, o P o D805 S e AR R AT A 3 AT 0 T LB A T 5
A, Rl E SIS RUERA R B S R 2 J5, BATTE— 2 it Hla st il T KID M. aniE 11(a) Br
N, FESE I SRSy T E TR N, AR i e AV L R R R R A s, R R & T L 52 i
PRI MRS B T, BT MORE S v LA R T AR 3G, M (IR B2 20 mK. 8] 11(b) A&l 11(c) 7351
e FES JRy S B T A BRI BE E
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BT (a) BRIESFED SRR & (b) SREFES S EB R s (o) Bg R B
Fig. 11. (a) Detector array and sample holder; (b) Micrograph of part of the detector array; (c¢) Micrograph

of a single pixel.

FATEEH 2% 5100 28 A AR KID B3 Horp— St 2R A i i 28 S HEAT TR IRANS TR, iy
TR OCE ) AR (4-8 GHz) BRI, FroAiisein e HalE) 17 9.3 GHz. [{ 12(a) J&/R T 20 mK |
¥4 3 GHz - 9.3 GHz [fEHLk So. S &R IRAAETR ISR, FM1% 7.500 GHz Z Hift g
W R L B2 R D% Ak, T 7.500 GHz 2 J5 I HRIAE R L 1) ) 2 F AL 2 5 I R MR, B L A b
S5 F I IERIEMN 7.500 GHz FFha. ML T MES B IGIEIRIER 4.117 — 8.470 GHz, SRR INAGiEHRIE N
FEEEPAE 7.500 — 9.300 GHz, WEHRARHE A fm . FAMREILFRE R R S8R 2 IR
DA A o 34 HUBI AL A5 RS, R SEIR S i SR (I iR 7.500 GHz 53R 4.117 GHz
PEATOTELGE L, 155 Hf WA SEPR Sl S U Ly ~ 6.4 pH/O. fE%EASHURTT, FEFIST s i3
HER Y 4.117 — 8.470 GHz 2824 T 7.500 — 15.420 GHz, Xf R, 7.500 — 9.300 GHz 5[ Py i 15 24505
25 800 4~ & 12(a) PIEEIHLL (@ EHE 7.500 GHz & 9.300 GHz (ORI, 255 B P4 ] 08 I 51 24 220
AR, RWARZ SR 27.5%.

IR B R BTN TR Je iR 22 B OL, 2P b A5 R P AT R e S 31 3R TG AR I B
LAY R T bl i R v i A AR R 3R R AR R SR, FE RS HE S m it R, FoAT 1
BESLHI AR R, FEORRAM SRR 1.5 pm £ 2 pm ZJ8), KT BIHE 1.5 pm, WD TRESEFR0E
I, SFECE IR . BRSO SR GERERRAL N 2 pm, (7 EAS IR AR RIARAL N T 4.749 GHz, Bl
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IR LI K e 2 (I IRBIR AL AL +632 MHz. 7E HE R BS I AR, SRR 78 2 7 v R Bt X
BRIE I e JE AR, P 11(c) H iR ARy, AR T DI R DRI — Ty Tt 2 DRl NS A LR, L
TR =5 73— 7 T2 R AR SR, PTRE S BUR R Toik ™ A RO IR . A TR R SR
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TAE 11(c), H TR B g 22 A0 3 B T BRI TB R SEAR Y 5, BIABUSMOHTRE, S8 Qq BEAR 9. 3L
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Fig. 12. (a) Measured Sy; of the detector array; (b) Distribution of internal quality factor Q; of pixels in

the array, mostly ranging from 3 k to 30 k; (¢) Variation of the internal quality factor @; with temperature.
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Design and Fabrication of Optical and Near-Infrared
10%-Scale Hafnium Superconducting Kinetic

Inductance Detector Array*
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Southwest Jiaotong University, Chengdu 610031, China)
2) ( Key Laboratory of Particle Astrophysics, Institute of High Energy Physics, Beijing
100049, China)
3) ( Mathematics and Science College, Shanghai Normal University, Shanghai 200234, China)
4) ( College of Physics and Optoelectronic Technology, Xiangtan University, Xiangtan 411105,
China)

5) ( International Quantum Academy, Shenzhen 518048, China)

Abstract

Superconducting kinetic inductance detectors (KIDs), featuring low noise, high sensitivity, single-
photon energy resolution, and easy scalability to large-format arrays, have been widely studied and pre-
liminarily applied in astronomical detection. This paper designs, fabricates, and characterizes a 20008-
pixel superconducting KID array for the optical and near-infrared wavelength band. The array contains
10 readout lines with approximately 2000 pixels per line. The pixels are arranged in a circular area with a
diameterof 24 mm, and the overall array size is 32 mm x 50 mm. The pixel spatial layout is optimized by
simulating the frequency shift as a function of pixel spacing in different directions. It is found that a pixel
pitch of 150 pm can reduce the inter-pixel frequency crosstalk below 220 kHz, ensuring the integrity and

27



stability of signal readout for the high-density KID array. By designing and optimizing the impedance
transformation network, the simulated reflection coefficient S;; can be reduced to below —11 dB, enabling
efficient signal transmission between the array and the readout circuit. In addition, a microlens array
is designed with a focused light spot of diameter below 40 pm, matching the inductive absorber area of
39 pm x 39 pm, to improve the optical absorption efficiency. 100 nm thick high-resistivity hafnium (Hf)
film with low superconducting transition temperature (T =~ 350 mK) is preliminarily fabricated using
DC magnetron sputtering, and serves as the superconducting film for the KID array. The microwave
transmission So; of the Hf KID array is measured at a base temperature 20 mK, showing internal quality
factor (Q;) ranging from 3 x 103 to 80 x 10 and higher resonance frequencies than designed values. We
discuss the factors that may lead to the decrease in @); and the resonance frequency away from designed
value. These results demonstrate the potential feasibility of high-density KID arrays with number of pixels

on the order of 10* for the optical and near-infrared wavelength band.
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