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Research progress of silicon microcavity photonic temperature measurement
PAN Yijie', WANG Jin', ZHANG Cheng'?, QU Jifeng', DUAN Yuning'
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Abstract: Silicon microcavity photonic temperature measurement includes International Temperature Scale (ITS) temperature
measurement based on the thermo-refractive effect and thermodynamic temperature sensing based on optomechanical principle. In
the 2018-2027 development strategy of the Consultive Committee of Temperature (CCT), silicon microcavity photonic thermometry
was designated as the first priority within the emerging contact temperature measurement techniques. This paper briefly introduces the
mechanisms of the two photonic temperature measurement techniques, and summarizes the research progress of metrology institutes
and metrology organizations such as NIST in the United States and EURAMET in Europe in the above fields in recent years, as well
as the exploratory research achievement from academia. Finally, the latest research results of the National Institute of Metrology,
China are introduced including the fabrication and testing of self—developed photonic thermometers with a milli-Kelvin (mK) level
resolution, the sub—mK level resolution enhancement approach by means of the Fano resonance, and the sub—mK level self-heating
suppression by Si;N, microcavity.
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Fig.1  Illustration of transmission spectrum of optical microcavity
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(a) Scanning electron microscopy (SEM) image of
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Fig.2  Silicon microring resonator developed by NIST and

its resolution
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(a) SEM image of silicon on-chip bragg grating microcavity
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(c) SEM image of silicon one-dimensional photonic microcavity
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(d) Transmission spectrum of silicon one-dimensional
photonic microcavity varied with temperature
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(a) T ELRE & S 26 A T A% I A K
(a) Photonic temperature sensor head packaged by
vertical coupling

10

yy

10

10-

Power spectrum S_/(m?-Hz™")

900 920 940 960 980 1000

Frequency/kHz
(b) AL
(b) Cooling spectrum -
\ [ %, ~~- Theory(quantum noise limited) (b) FEEGFR s 44 5 % 548 & SEME
10°F Y, - ™ Theory(incl. classical noise) (b) SEM image of silicon microring resonator and
s %, waveguide coupling
2 2,
£ e,
2 ‘e,
=} e
% 102 g,
2 *,
s 0
< s ~
lol L 1 1 ]
10~ 10°
Electronic gain
(c) P37 T
(¢) Averaged phonon numbers LR -
» W, 5 5 (c) & IEISEM
10 Delft fﬂTﬁi% H"l E/‘Jﬂ‘\‘jj ﬁé/ﬁﬁ{ﬂ'ﬂﬁﬁ{f (¢) SEM image of vertical coupling grating
Fig.10  Thermodynamic temperature measurement appraoch 293401 —— ITerperhture 1
proposed by Delft University 29338 : —— PD Voltage Loass
. . ; - 220336F T o
FE SIS G I h F5 EE BT AOM I AT 2R 5 i 4R 5 éjixﬁﬁ 2
L o 5 ‘ : 04303
ESRRE %, EE AR P S 5 %o AR e ] 2
= - [
2 Yoo K FILUTHUE L HEAT VA AR W0, A 29332 o425
PT100 1 H0 BELAE Ay il 2 00 0 2 2% 1A 7 S0 43 9% ) 96 29330
N . N N 0 100 200 300 400 500 600
ko QP 1R, FEREETHE 10 mk ZE A7, H Times
U e e e (d) T FE -5 e 5 0 4 UDEL IR, B TR 5398 170 L
EE. ISE‘F)T (ﬂﬂ ’fﬂE" YE‘I E /}E 'ﬂ.’a }jé % —‘_3‘ 11% Fﬁ Iﬁ %TJ‘ ﬁE% 7% ljJ % Q (d) Comparison of resolutions between photonic thermometer
/f,h% % ﬁ‘[ - }Eﬁ *% . )U(K _F - % E’J ﬁjﬁj 1:4 YE% and calibrated standard platinum resistance thermometer
o AR RS T A & FEUL o R RRSE L A 4 O TR (R b
NN = ANy 4 M YL Ak 2 Al e STl Y
VRS o3 9k 00, A5 20 30 9 Bl TR 7 iR &R Fig.11  Photonic thermometer developed by NIM and

4z 512 ) ﬁ%}% J1°5 2.9 mK, #5140 S2 8 -30 °C ~ its performance



L8 - HATER

2022 5% 42 % % 6

120 “CHYIREE T Z M, HA TR E IR R A% S
ZRPERE
3.2 ETHRELIRINES P HRA

T 1 B RE Y i T 5 Dk L B AR
TEITERER, MG T - R A5 L AR (1 2
ST S S FRA IR AL 22 R . i — L R i
SPERER, R T — P2 T IR
mK G TR Tk P %R R AL
W T~ TR S BT EIR o AR R A S TR
10 A PR s RO R B

WE 2R, FER S ME X5 AR L,
AR A DX R AT RT3 4 o 3 2 A IR P BT B A
2, BT BRATHARF RE A 32345 2 BEOMT e i Jo DR RRC 1 1
VLR o M P AT S A0 R RGP AR | S 1
IHROCTE R PR AL, [ 3 T - RO AR T
PR A U IR D 52 A T IR ) A O 0 3R 2 Tl ) 25 S
TE SR L Bl e — W A, IR, 3EIRAY I
SRR T R BCRA AR e AR T

d=368 nm

(a) VAR ST A FSEMIE &
(a) SEM image of Fano resonance waveguide
and microring structure

10F .
ﬂ —7=10.1°C
—7=150°C
~ 08 - 7=19.9 °C
5 —T7=24.8°C
£ 7=30.4 °C
£ 0.6F —T=343°C
£ —T=402 °C
2 —T7=4571°C
E 04 —7=50.7 °C
g
S 02F
|
0

1552 1553 1554 1555 1556
wavelength/nm

(b) FEWILARIE e 1 5
(b) Fano resonance temperature-spectrum response
B2 E R R BT B B 3% A IR 0 3 )
T ITk
Fig.12 Resolution enhancement method based on Fano

resonance proposed by NIM

TIGZE R, ARG 0 5 BT RECRE T S
B A T 0 U0 B 0 P DR NS K — T R
JER75.3 pm/°C, 10 ‘CZE 90 °CE Bl P B I3 43 ¢
J140.25 mK,
3.3 ek EERBEFA G

A% G B TR 4 A SRR AR T v o Jot R 8ty
R B R BE o {EL5 0 v BEL A5 R 2 0 I R R A
FRPEATR], TR0 B A Q MR, St EA R
FURAEL MR, P mW 0N )R 5 255
KB EN T, SIATEm2E. R T IHN
JEE s N A R SR RS 25, DR T —Fh
PO O 7 il B8 T AR 8 A PR T DT RS T
BT SLN, A R AR 0 mK & g | R R
i >

12p Experimental Data
—— Lorentzian Fitting
+ —— ODEs Fitting
1.0 =TT
| g o
508
S
2
[‘_5-’ 0.6

N

I IV V VI \} Vil
1549.57 1549.58  1549.59
wavelength/nm
(a) BALEERFA B2 A PR THGE LS
(@) Si,N, microcavity based equivalent self-heating
spectrum fitting

<
~

0' 1
1549.56 1549.60

AT/mK

100 10?

10!

P /uW

10 10°

AL LLLL

1 94.95
10710210 10° 10" 10* 10° 10* 10°
v/(nm-s")

K13 PEHEREADTTE R D A mK 20 A PR THM R 5
Fig.13  mK level self-heating mitigation method proposed by NIM

URAR AL 1 73 Bt SiN, SR I 3R 11 9 1 7Y 3l 25
e RAGE R, HENT T SEN, ORI R 3R 19 AL A
PORTHEY . & 13 (a) s, i PR 588 S
T AULE I T A RO AR AR R R N ), O



iR

¢

=7

R -9 -

ik

FE TG I A T 22 AT 9T T g AT
ARG | R PN D ORI i 45 8 A ORI 2
B RO ER, Il T 2 m b sk mg, 455
WEN3 (b)) From. 336 B i A 5/
P B, R THRARE B AR T 245 K, 75
HIA ME SR, IO T B e 25 HOAS
i1 8%,

4 ZHitERE

B COT M7 24 HARAE 55 AL o, Tk
TG T A 2 1 32 2k 0k [ 50 R B Y TR A
WHFE . FESEBCA GO o BN A E 35 10° R0 . Il
FRAGE 80 pm/K, I3 B ASVE R T 100 K, HA
BB RE e S R, TEN i PR 3 R i AL
IR A B PR L A MR R, BRIz B ]
B 7R DRSO BE DN B D7 1, %R AR SR FSR
PR A TER DX . RS EE L XS R (E N RO . TR
AT il B T T, Pl T LR OGN R R AR
PET PR S B2 TOLIRME R, DR AT & e
B T ARE MR 7 2 . (ER— 4RI, R
WO i AR E P B R EOR S Uk
AR, MARA ERTHOLRE e, 2RIt
ANEME . SRR R TR T A h 2 B

SEZ 3k

[1] DUAN Y, PICARD S. Consultative Committee for Ther-
mometry (CCT)[EB/OL]. https://www. bipm. org/en/com-
mittees/cc/cct/wg/cet—tg—cth—et,2021-11-17.

[2] CCT WORKING GROUPS. Coordinating the world-wide
measurement system to ensure comparable and internation-
ally accepted measurement results[ EB/OL]. https ://www.
bipm. org/utils/en/pdf/CCT-strategy—document. pdf.

[ 3] BRIAUDEAU S. Photonic and optomechanical sensors for
nanoscaled and quantum thermometry: The EU Project
PhotOQuanT [ C]//2018 Conference on Precision Electro-
magnetic Measurements (CPEM 2018). 2018.

[4] TANY, DAID. Silicon microring resonators[J]. Journal
of optics, 2018.

[5] KLIMOV N, BERGER M, AHMED Z. Towards reproduc-
ible ring resonator based temperature sensors[J]. Sensors
& transducers, 2015, 191(8): 63.

[6] XU H, HAFEZI M, FAN J, et al. Ultra—sensitive chip—

based photonic temperature sensor using ring resonator
structures [J]. Optics express, 2014, 22 (3) : 3098-
3104.

[7] KLIMOV N N, PURDY T P, AHMED Z. On—chip inte-
grated silicon photonic thermometers [J]. Sensors & trans-
ducers, 2015, 191(8): 67.

[8] KLIMOV N, AHMED Z. Ring resonator thermometry
[C]// 2016 TEEE Photonics Conference (IPC), 2016.

[9] AHMED Z, CUMBERLAND L T, KLIMOV N N, et al.
Assessing radiation hardness of silicon photonic sensors
[J]. Scientific reports, 2018, 8(1): 1-7.

[10] TRISTAN B, STEPHAN K, ANDREA C, et al. Photonic
and optomechanical thermometry [J]. 2022, 3(2) .
159-176.

[11] WEITUSCHAT L. M, DICKMANN W, GUIMBAO J, et
al. Photonic and thermal modelling of microrings in sili-
con, diamond and GAN for temperature sensing [J].
Nanomaterials, 2020, 10(5): 934.

[12] JANZ S , CHERITON R , XU D X, et al. Photonic tem-
perature and wavelength metrology by spectral pattern rec-
ognition [1l. Optics express, 2020, 28 (12) : 17409-
17423.

[13] DEDYULIN S, TODD A, JANZ S, et al. Packaging and
precision testing of fiber Bragg grating and silicon ring
resonator based thermometers: current status and chal-
lenges [J]. Measurement science and technology, 2020,
31(7): 074002.

[14] LIAO J, YANG L. Optical whispering—gallery mode bar-
codes for high—precision and wide—range temperature mea-
surements [ ] ]. Light: science & applications, 2021, 10
():1-11.

[15] ZHOU Z, SHU F, SHEN Z, et al. High-Q whispering
gallery modes in a polymer microresonator with broad
strain tuning[ﬂ. Science China physics, mechanics & as-
tronomy, 2015, 58(11): 1 - 5.

[16] XU X, JIANG X, ZHAO G, et al. Phone-sized
whispering—gallery microresonator sensing system|[J]. Op-
tics express, 2016, 24(23): 25905 - 25910.

[17] XU X, CHEN W, ZHAO G, et al. Wireless whispering—
gallery—=mode sensor for thermal sensing and aerial map-
ping [J]. Light: science & applications, 2018, 7 (1) :
1-6.

(18] YOUM, LINZ, LI X, et al. Chip-scale silicon ring reso-

nators for cryogenic temperature sensing [J]. Journal of



10 - &

ATk

Slir

2022 5% 42 % % 6

(19]

[20]

[21]

[22]

(23]

[24]

lightwave technology, 2020, 38(20): 5768-5773.

DING Z, LIU, P, CHEN J, et al. On—chip simultaneous
sensing of humidity and temperature with a dual-
polarization silicon microring resonator [1l. Optics ex-
press, 2019, 27(20) :28649-28659.

BRIANT T, KRENEK S, CUPERTINO A, et al. Pho-
tonic and optomechanical thermometry[]]. Optics, 2022,
3(2): 159-176.

PURDY T P, GRUTTER K E , SRINIVASAN K, et al.
Quantum correlations from a room—temperature optome-
chanical caVity[J]. Science, 2017, 356(6344) : 1265-
1268.

GUO J, NORTE R, GROBLACHER S. Feedback cooling
of a room temperature mechanical oscillator close to its mo-
tional ground state[ J]. Physical review letters, 2019, 123
(22): 223602.

WANG J, PANY, GAO ], etal. An on—chip silicon pho-
tonics thermometer with milli—kelvin resolution [J] , Ap-
plied sciences, 2022, 12(8): 3713.

ZHANG C, KANG G, XIONG Y, et al. Photonic ther-

[25]

mometer with a sub—millikelvin resolution and broad tem-
perature range by waveguide—microring Fano resonance
[J]. Optics express, 2020, 28(9) :12599-12608.
ZHANG C, KANG G G, WANG J, et al. Photonic ther-
mometer by silicon nitride microring resonator with milli-
kelvin self-heating effect[ J]. Measurement, 2020, 188 :
110494.

CS & E ¥ X8

F—1EE . WEZeEE (1980—), H, Al
W bR, T, EEHFFTT A NG
JEE SR SO o T



