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(a) Phase-shifting interferometry
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Fig.1 Working principle and schematic system design of (a) Phase-shifting interferometry-based transmission-mode iQPM; (b) Off-axis interferometry-

based transmission-mode iQPM; (c) Linnik interferometry-based epi-mode iQPM
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Fig.2 (a) Time series of quantitative phase images and the temporal
phase noise of the specified point; (b) The quantitative phase

image and the spatial phase noise along the red line
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Fig.3 The noise power spectra density in phase measurement
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Fig.4 Sketch of the raw interferogram and the intensity profile

distribution relative to the full electron well depth of the camera
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Fig.5 Noise reduction strategies with common-path interference.
(a)-(b) The averaged frequency spectra (in logarithmic scale) of
the phase maps measured with common-path and non-common-
path QPM systems, respectively™ (figures adapted from
reference [23]). Selected bandwidth: 15-30 Hz and 185-200 Hz.
BS-beam splitter, DG-diffraction grating, and PH-pinhole; (c) The
schematic design of interferometric imaging part of MISS

microscopy
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Fig.6 The schematic of spatiotemporal filtering method. (a) Spatiote-
mporal spectrum along three different planes (k-k,, k-, k,f) in
the k-k,-f 3D frequency domain, where £, and k, stand for spatial
frequencies in the x- and y-directions, respectively, and f axis
stands for the temporal frequency in the ¢ direction, color map is
in the log scale; (b) Bandpass filtering over the selected
spatiotemporal bands, where two temporal bandwidth regions of
15-55 Hz and 180-220 Hz and three spatial bandwidth regions

with radii of 2, m and m/2 are selected, respectively'!

] 49 R BW B w2, fie A TR AR 0 R Rk
1.9pm, b3 4047 2 B, 3306 1 5 45 [B) A0 B[] 451 R
BW A LA 250 2 i AH v 72 f50 8 (A BR i
2.2 HR0 s R 7 ) I 3R
22.1 HoFHpHEN

MR 1.3 5 A 23 A R A FIE, TR pE A
SRR, B RD A A R O R R . X R R B T A
HLER A 5 A5 3, 76 A0 [ 0 s 1) 3 3h 45 1R, e
XS 1T HeAE XD, DI 5 & 4 T T B A A 7 R
TR . LT3 — e, HOSSEINI 25 1 56 i H & vy 7
BB 1 A AL A5 I5F B A 07 R A T Y, HE—
#, NIE 2675 DPM (1366l 1, R B F 3B = 1
FEBLIF- 25 4 Bf 25 U O O vk S sk Fnik (UL 2.2.2719),
ZEME T IRF )R A3 8 A A R 1, K 25 il iQPML A B[]
FHAL R LT 2 2 pm™,
222 MKAik

% ARSI, ARG B T B A A N, R
B MA R T B 6 A I, 55 2015 1

20240358-6



s Gk A2

%94

www.irla.cn % 53 %

KM WE, BFEChn,=M-Nn,=0,n,+n; =
M-N/2. B, FEMTR AT F 6 i B A7 R 805 n]
PAFRIEN:

1

A3 (10) FHT, S8 % Mot 95 B4 7 3RO,
s P o R A58 AT AR 18 VMR, B AR A5
L3R M- N E R LR DN A 24, 1% 07 15 1 TR
B 7 BRSNS R A 5 B2 v sl 25 B it 4 1
PIE, IR LG T B 5 B 0 — 4R 3] 0~1 35 4%
H—Ak B9 R A T 85 Ay 4, AL T, 2,
Xof g 21 v B PR AR FR SRR, A LR T 0 1 A
(S =iy, Ao, IyY)o WIS, T FHEE —A K AT ¥ &
L (s (R ZRHE R ) 1 N RS AR 67 PG, 75 B AH 37 3
B Q= {Po Py, Py} 83t INEEAHE AL ] s 25

6¢;holon = (1 0)

Summing
Ref

(@) Grouping
Raw data Normalization

(b)

0 0.5 1.0 1.5 2.0
Number of photons ~ x10°

Noise map Calibration

(©) (d)

—&— 1 frame 0.10 —&— 1 frame
£ 0.4 —&— 10 frames £ : —&— 10 frames
g —&- 50 frames £ —&—- 50 frames
o = 0.05
o o

O 1 1 1
250 500 1000 2000
Number of frames

0 2 4 6
Effective electron- x10°
well-capacity (e—)

P 7 WORFIE R TR (a) WORFIST R FAR IR ; (b) JEUIA T80 KR BE 43
A B 77 5 (o) F1(d) 4350 O PSR AR, i[RI R U 5
AR S A RITEC OC R PP g A Sk [23])

Fig.7 The schematic of frame summing method (a) Flow chart of the
frame summing algorithm; (b) Histogram of the intensity
distribution of a raw interferogram; (c) and (d) show the relations
between the temporal phase sensitivity and the effective well
capacity and frame numbers, respectively™ (figures adapted

from reference [23])
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JESRAEWECZ M MOC R o ZRR W], MR FIEON
10 B4 /M2 50 I, BEMARICRIF ARARKSETE, X &R
TEWTR BT 10 A B0, PREE I 3l 45 HAt g 75
ARV P2 3 D' 7 HIORE R P TS S SR Y, MR A
Wik W A D AT BT R AL, T LA, 3 o 470 4 A1 5 I [ A 2
ey IR I) AR 7 R B0 A SR ANk B 4R T ROR 2 A
FRA .
223 AEHFHETEEILR

1R GEHE AR KUG AL AR 22 7 i THROLIRT,
BR 7 I A AV . O T X — [, TODA
SF PR T A Gl N 3 & 38 Bl e 5 QPI (Adaptive
Dynamic Range Shift Quantitative Phase Imaging,
ADRIFT-QPI) 7%, H TARIEHRANIA 8(a) FIim . %7
TR AR CR B AR 73 A5 I, {0 T AH A2 25 [ 5l 378 1) 2%
(Spatial Light Modulator, SLM) X} 1 i i 17 %12, LATH
B3 K OPD 43413 14 52 1, DA T A5 D 9k 52 381 ¥ P T 8%
Wit Ji , AF T I 37 5 5 M A 8% (Phase-cancelling Dark-
field Quantitative Phase Imaging, PC-DF-QPI) £ K #{ )i
FHHG ey, G Ao 7 {8 B ok T 5 A R 3 FEASE (D 48
182), e IR B AR 7, A e v v AR 23 7Y
e A R He . R, 24 PC-DF-QPI fifi I 5 5
JEIRHEAT SR I I, 20 25 Rl 2> i B 3 B /N
AH AL R . 8 K PC-DF-QPIL I i & 5
SLM % A £ OPD 3 A A7 &, ol LAH 2 i A7 3)
ST YR OPD [R5, 52 B 48 il 4 =) 45 44 F1 it
INHIURME 5 B ) A0 R AG

Kl 8(b) 7R T AEH LA MRS, i
B4 |8 (Digital Holography, DH) A1 ADRIFT-DH %k
P AL RERER Y OPD R . i HP 2L A OGAE
R ARk ok 2 W W 53/ ', 7 A2 OPD A2 4k,
%] 8(c) 7% T il i3 DH Fll ADRIFT-DH J5 s 2 it 45

20240358-7



i E ok A2

%94

www.irla.cn % 53 %

HLE . SCue st R, ADRIFT-DH J7 22 0] #6051 (1
% /)N OPD 284k M e 145 48 DH 7 ik B8R T 6.6 1%, fig

(a) QPI PC-DF-QPI PC-DF-QPI (b)
with strong light
1st measurement 2nd measurement
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[€ 8 (a) ADRIFT-QPI {1 3l 5 i [H 471 J]& J5L 3L ; (b) 7E MIR OFF IRZS R, i DH(ZF) #1 ADRIFT-DH({7) ] # 1) OPD [€1%; (c) Hi DH(ZE) #il
ADRIFT-DH(47) Iy MIR ZEHEIICT L L34 OPD ABfLEIEE)
Fig.8 (a) Principle of dynamic range expansion in ADRIFT-QPI; (b) PD images measured by DH (left) and ADRIFT-DH (right) in the MIR OFF state;

(c) Images of the photothermal OPD changes due to absorption of the MIR pump light measured by DH (left) and ADRIFT-DH (right) **!

2.3 HIBERR A HDHI SR A

FRCERE I 7 4100361 5 W 19 A% 0 S B I E S A T Y
BEEI 58, 30T AT o e A0 FE S U 1 s [ R 1 4 i
il BB O 9 23 TRDAE % ok SE PSS 2017 45, SHIN 4587
RGHEFE T AN [RGB 23 A0 BE R 69 W Ao R
T B s, 25 0 T HUBEMR 7S (0 ) 5 25 [B) R R[] A
FREE (1,1) BEFR, E 9 Fios . WF5E 4 R0, K
6 25 () RS T R T B A 08D, FECERE MR 7 % T a2
WA, A 3 TA) A X IR MR P 1 410 T S8R S AR
TP RLAE TR 2.6 ~ 7.1 48, AEL 9(e) A1 9(D) FToR .
X — BTG AR 7 T ARAH ' R B ] 02 ] 4>
Y FE X8 T MR 00 64 BB ] A5 AN LU RICR . A
T AR R T RO A T A s () A P i
FIIET6 BUALAR J7 1 5 H5CRE HE I 1 B I s 2 i) A i
A 1 R R BT W
2.3.1 R IA) AR o 69 K

T H) 1 R ARG R AR T 1 32 AR EE T Ot B ]

(5 %, JEER AN & 9b) i o 28 TG ¥ R
(Spatial Light Interference Microscopy, SLIM) J&—Ffi %

vl RS A T 09 e R U 1QPM B AR B,
SLIM Z ¢ 76 i F A4 5 0ol B% 14 S Aty b 398 i — A 4
e, tnlEl 10(a) fros, FBHINAL e () SLM 7 i £L -
T b it i ik w2 AR, B g AN Rl s SLM
AT . X FPAHRS 6 T B A EE R
Z B AL AE R, I3 3 A AL 5 DU RS TR AE S 1 ]
1B, A FHAMAEMER ., SLIM %454 T G
BB A T A TR R e, 5
DPM # A AH H, SLIM J& BT 45 i 1) 23 [a] 1757 1 Al
RS EE, An1& 10(b) A1 10(c) Fr7w , iX 45 45 T SLIM fiff
JH 0 58 7 BT AR T B M S A S I 3l o X
SLIM 41 B 7 B4 # (€ 10(d)), REAS 5 L H AR L
T, v i R R0 s () AH A7 AR A ik B T
0.03 nm #1 0.3 nm,

2020 4F, CHEN 48P JF & 7 2 T SLIM H A 1)
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Wolf #1 i JZ ¥7 R (Wolf Phase Tomography, WPT),
WPT i it 25 45 #8 43 A T BT 0 4 i, S8 1 &
S5 HICS AR A 1) TC HBCIAE = 48 AR, 3 % = 48375 4l 5

Image piéne

Sample vc‘)lume

9 (a) NIZ5

FT, (b) ZE A1 AE T I EMIRAR T, (c) TR AR T 28

ALY AR AE B T AT S AR R OE AT ik 107
i/

o/mrad
%
%
o
o

10 100 10
I/um

[EIEART, (d) I 2SARAR T RO BCERR AR B () 45 1, = 63.3 pum I HL

TR T2 (R TR BE RS AL Pl () #2200 £, = 1.8 pum I HICBRENE 7 OG T g TR AR < B8 7y 728 F P P P Bl i 11 SRk [271)

Fig.9 Speckle noises whose illuminations are (a) spatiotemporally coherent, (b) temporally coherent and spatially low coherent, (c) spatially coherent

and temporally low coherent, and (d) spatiotemporally low coherent; (e) o4 against [, with /, = 63.3 um and (f) is o, against /, with /, = 11.8 pm®*"!

(figures adapted from reference [27])

SR IBCH Jre B BT (R AE PR SR B, Z2 80T 2 R
YA (Polychromatic Digital Holographic Microscopy,
P-DHM) i 1o 3 X 22 't 1% 42 2 P I IR i B Mg 75 B,
I 10(e) J&75 T P-DHM Y BRI, Horb £ 5 iy A0 1
G R B M 22 G IO £ (Supercontinuum White-
Light Laser, SWLL) FIZ U K F B n] JUENE£§ (Acousto-
optic Tunable Filter, AOTF) £H i % 1 J& 18 % R HH 2
G, P-DHM 5 21 S5 7E 500~850 nm [ S
B, L 10nm 2B, R 4R 36 42 BRI HEAR
IR 2 3K BN 9 36 > OPD B4, W] LR
73R 5 1 P-DHM IR . VR IR, BF 98 N R4
T 36 dk M (540 nm) BRI T (9 4 B, LA

1
: -
1
H Phase rings
D 2 N\ )
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i lamp —— 371:/2 VTl: ‘ '
iillumination  SL.M O O |

B KT IR OPD B . 45 R, 5 R A
— K (% OPD G AH HL, XF BR 411K OPD &l {5 I 7 Ui
T Yy 1.4 4%, T P-DHM J7 ¥ 351519 OPD B4 11
MR REAR T T 6 f% . B 10(0) JER T BUR T e I
B g, X BB 419 36 5k OPD il £k JL-F-— %X, ifi P-
DHM 1 A [l 3% K ) OPD il 42 | & B i 3 K % 5
X B K AR A B 2 AR T 4% OPD RG] 114 4 1~ M
7, AT A T P-DHM 76 B AIAH T M 75 7 T 19 155 30

£ & 10(g) 7R T X B41F0 P-DHM (1) OPD EZ
LG43, X T P-DHM i 55, bl % & Y
PR ECH MBI, B Sobn il 25 (35 [A]
UNMB R
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""" Fit: ¢=0.029 nm

Fit: exp(—x*/26%)
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i £ \/\/\J A 750 £ 6
= £
SWLL 1 700% g2
‘ 50 o £4
! 650 5 S 3
i g 40 AN - z
AOTE Wavelength | £ 30 g 600 § 2
OTF 500.800nm | & 20" 550 !
: 10 0
0 500 0 5101520253035
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) Number of images averaged
Distance/pum

(a) ST AT AT BRSS9 SLIM MK BoR B o SLIM SR A 1 AR BEARJE 10 5 300 BB (b0 B 2909 552.3 nm), 371 A
SLM 7 AL 17 [ Az DL /2 3 2 R , 585 10 S R A RS T 10 P S B 6 B 25 (b) SLIM 1 (c) DPM H 22 () JCAF: i X 45%
OPD [&], Herf SLIM 78 HA7 Mg b i (1 s e e e DL A TR, SR FH 578 ' 3% Bt B A BB ARO 0, (e JF s ) 4 2 1 AR o 2 S
F DPM, Bt R LA nm R B3 5 (d) 45 [B) RS [R] 13000 2t f) S AR I BE M A, 43504 0.3 nm AT 0.03 nm, 228 387w =i B 0L & 465 S P%; (e) P-
DHM H 2R I #8 3% 22 H G I0OE %% (Supercontinuum White-Light Laser, SWLL) 5 25 3 < 77 5 7] 8 JE€ )% &% (Acousto-optic Tunable Filter,
AOTF) 4% 4 (1 HE W A5 e LA AR5 42 5 (9 AR F OB U8 (f) %o B 20 (36 5K 540 nm A [FW] i 4< 8 B R 9 4> 8. 78)) Rl P-DHM J5 i (36 3
500~850 nm Z I A< HEIA R (194 L&) WY OPD P34 {E MR LB @ o, FHF I3 (9 SR <1400 OPD %888 LIRS 5 87, % 1o T2k
BEWA; (g) XTHRAL () F1 P-DHM (B f2) Jr ikt FPE-RAMik N 106 R 0Y, AR Rn ik, 4 B EdEA

Fig.10 (a) Schematic of the SLIM add-on module integrated with a commercial microscope. The system employs white light illumination (central

232

wavelength 552.3 nm) with ultra-short coherence length. A SLM is placed at the pupil plane to generate phase shifts in /2 increments, and phase
reconstruction can be realized by recording images under different phase shifts; (b) The OPD maps of the sample-free region obtained by (b)
SLIM and (c) DPM reconstruction. Benefitting from high stability of common-channel interferometry, and the reduction of speckle noise with
white light illumination, the phase image retrieved by SLIM has the superior spatial uniformity and measurement precision, where colorbar in
nanometers; (d) OPD noise levels measured spatially and temporally, which are 0.3 nm and 0.03 nm, respectively. The solid lines indicate
Gaussian fitting™); (e) In P-DHM, the traditional coherent illumination module is replaced by a SWLL combined with an AOTF; (f) The average
OPD curves for the control group (36 holograms under 540 nm illumination) and the P-DHM method (36 holograms under 500-850 nm multi-
wavelength illumination) are shown in black, while the OPD curves of single-frame images used for frame averaging are shown in colors
corresponding to the respective wavelengths; (g) The relationship between and the averaged frame number N in the control (green) and P-DHM

(orange) methods®'!. The black line is the theoretical curve, where 4 is value of the first data point

P2 AR S 2 18] S0 4 F14) S 248 Jf 45 #4) F1 HeLa 200 B A2 88 A% 4

A T REBH G Y 2 TR AT 109 J7 58 W] LA MR £
JE A BB S S5 A IR, AN 9(c) Frs . SR A
i RE IR IR 7 58, ZHENG 2502 $E 1 T R i 25 43 9%
R WAL AR BB AR (High Spatial and Temporal
Resolution Synthetic Aperture Phase Microscopy, HISTR-
SAPM), | A% ks #84 (Digital Micro-mirror Device,
DMD), HISTR-SAPM 5 3L 1 & 3 | & F i 4 119 R B
JGHR Y A B

ARG 1 2 A B IR 254 T Y AH 2 €], HISTR-
SAPM ] DL Al 23 B A 4R T 2 A 69 A 0L 1R .
Kl 11(a) & 7x T HISTR-SAPM () BE B K He | K] 11(b)~
(e) 7 5 JE/R T 1E A S BB 2L T HISTR-SAPM
#H 5 Y COS-7 40 i Al HeLa 40 B A9 M 437 1. Hi T 1]
W ff B2 AR Ak 2% B AR A R A TRTAR 8] A AR T I R 7R
HISTR-SAPM i i i) e 73 B [R5 o, WA 0 25 ek />,
200 L S I 40 5 g SEAIN Y e, 451 COS-7 4 v

X 45 K S B A 5 €, 2018 4F, CHOI 4515 42 1
T — B Gt AR AL RSB AR, AR RR T
M vE T AR A5, AT 0 I Sy 800 nm, 7 T
R 170 nm 1) 335 B WA AR A B ) AR 17145, JF 51
AT B B4 /IR A B Bh A WO BRI 34 o 23 [ A
14, R OCH A 3 S B0 6 S 2860 4 B
DLSCEL BT, 2k 3 1 nm P BUR RELE, i)
XoF T 240 LA R %) 20 28578 A 58 0 S P S o SR, |
KANG % 2 H B HORE AT 85 Z BT AR (Speckle Diffraction
Tomography, SDT)™ Wi FH .0 K 800 nm, 7 5
9 40 nm 1 8 1% BB, ST AU 8O 7 AR RO Y, 1
AN, ZFEARDGI AT DULE S Y HPREL (Four-Dimensional
Point Spread Function, 4D PSF), 18 i K 135 X0 I A 5 43+
it R S R G5, R S SRR TR AT 25T
P, AN T 2 EBUN A R TIR, SE T EA )
A (R AR AR 19 =HERUR, T T HOGARRE,
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11 (a) HISTR-SAPM H 3k X DMD #4119 /=5 1 £ B2 4714 HR B 7R BB (b)~(c) 1IE# Y6 T COS-7 1 HeLa 4[4 AH {7 Fl; (d)~(e) H HISTR-

SAPM T (a). (d) H R4 AY AR B2 e i 1 SCiik [32])

Fig.11 (a) Schematic design of high-speed angle-scanning illumination based on dual DMD devices in HISTR-SAPM,; (b)-(c) Phase maps of a COS-7

and a HeLa cell under normal illumination; (d)-(e) Phase maps reconstructed with HISTR-SAPM for the cells in (a), (d)** (figures adapted from

reference [32])

2% T Dua JEEFI Descemet 48 K 2B SRARAE .
3 BREE

ARAL R BB 1 52 TS 453 iQPM AT LA 2 — SE i
T I BB 7oK, AN i 48 Mo BT . Rl R L T
oA ARHIEE E T LA K [ il B A0 . TR A
15 PR 1QPM A7 3 4 [ FH 4333 114 S5 T 0 R .
3.1 m#pas

L2 A 53 A7 2 312 W BIL A4 fd B AR 00 1) i 7 1
K HE ST 26 1240 M A, Z0 B SRR AR 1T DL B 12 W
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iQPM HY R FH

i
#
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4 2
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RUEEZE 2% filn, S LA A B T
RS WE AL P IR 5 ERG E X3 A0 M SR A B T
PR G A S g R Y PR o T A AT A
MV R38N G2 T A A, MR R K g
AR AARIC o Sl T SE R A 2 S i W0 T 440 i 3
SRR, NIE % kT RAUE iQPM BOR, 523
TR VR AE W R R 52 v S VW (PBS) HR I 1 1 40 Y
90 K G JEAN A% RS oE D =, I 2 R An 1A 12(a) BT
R GEA ML B, SHU 250 Fi) A A 1 40 g
7Y R A2 P (P 12(b)) U R B A P 2B 2 B Gk

(b)
"Monocyte O ’ O 9 o

5.5
OPL/nm
200 " Granulocyte O Q O O O
"B hocyte it R
100 ymphocy .
*T lymphocyte Jf JEE IR SR TN |
0
(©)
15

Feature 3
=
\
Feature 3
b oo

Pe%olo -10 0 10
Feature |

Y, 210 10 0 10
’ee Feamrel

B 12 (a) B RAUE iQPM T Wi A K41 41 3h 1At LB 10 pm); (b) BARZAIME (£0(5) ., RI40AR (G (0). B K400 (8560, T #kE40
ffn (B ) AR FMATAT 5 (c) BAAZ - A0 AE- 0K L A0 432 28RN B-T Ik L A0 4328 R HURIE Y t-SNE AT AR

Fig.12 (a) Dynamics monitoring of human red blood cells by high-sensitivity iQPM™! (Scale bar: 10 um); (b) Representative phase images for

monocytes (red), granulocytes (green), B lymphocytes (blue), and T lymphocytes (orange); (c) t-SNE visualization of the feature extracted by the

monocyte—granulocyte-lymphocyte classifier and the B-T lymphocyte classifier™”!
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R 2P0 4 M 4% (Cascaded-ResNet) A5 7Y, 7 B2 fifg 11 1%
FRAE, SEL T A B AZ A0 M0 | R 40 i LA Je B AT ik 2
AP 5328, HAP- 220 MR R M I8 90.5%. il R
FH t-Bfi LA AT % A 3% (t-distributed Stochastic Neighbor
Embedding, t-SNE) X 9 25 73 24 3 H ) 43¢ AiF 32F 47 7 A0
1k, g5 RN 12(c) B,
32 WHERK

20 L B0 A H 7 Y R D 32 20 o H 2 B0k 2l
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= A, T 27 I AR R T A0 R 5 O SR B, AN
Ca® fE7n o Ca® AR 1Y 18] 23 B R ALK, IF H A2 3
G BRI . 2018 45, LING 250 5 o X H b X 35
HEAT WK 15 35 X025 1] SF- £ ok 52 9 ey R BBORH A B
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B FIHARR A B & R U iQPM J5 ik, X shfE
PR BT 25 T W U, TETCMEPR D FTC
WA= ARG B0 T, BB A I B AN Bl R AL T A
HEK-293 #il i 3 nm (0.9 mrad) A f 55 & 725 i 3 /1 2%
Wi JO7 ARG . 2020 4, LING 25 3F— 5 R 45 17— Fp 3
F 0k fh & SF- 14 (Spike-triggered Averaging, STA) #%
AR QPM Jr ik, X ¥ BE 3 A Ha AL (Y ik 28 o0 B AR
HEAT I 25 Ay BER 2 T W USR5
A fei B 3B AR AL, Db STA b 72 i M A5 R R
IKE] 0.1 ms A B[] 73 HESE N BHR K 4 pm WIAH( R AL
FE o B 13(a) 7R TIZJ7 iR XT A1 Rl sl /E B A7 19 4 2800
PRI AR B AR SR, T8 7R 1 HL AR B0 T A AL
HLF A AL

380
317
£253
8190
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13 (a) #ZITEYITE AR LB R : 20 pum); (b) 540 nm YEHE R AREUAY S G . X HEEG P-DHM EHRE(ELBIR: 10 pm)

Fig.13 (a) The inspection of the cellular deformation across a neuron®” (Scale bar: 20 um); (b) Comparison between the single-shot image acquired with

540 nm illumination, control image, and P-DHM image'! (Scale bar: 10 pm)

kU8 % K T R A X DHM B AR B & 5 5 R,
LARIVIERE-LOISELLE 45" J1 % T P-DHM([4 13(b)),
IZAAR ] LA ROl e 7=, i 23] DHM Jo ik 7
(4 1 pm 58 BE 1Y WA 20058 . P-DHM R Ry il i
T 20 4 R Tk fe, BRI A AL, K
1] (AL L /NI 3 L) WR A 28 58 iy A= e 2

(EAR R B2, DA 2 il i R A 2 Wi L
PR S BUA AL R 4R T S 1 S I 22 F P 4%
P2 Zh VR R R b R A 4R AT s T A, 5 B —
A ERF AT B P St 5 S 0 ey SR R A 1
B

3.3 EFHMBEETE

T YERPRL R T AL R RO R AR, BOA T
—fOtH FaR A E R R O T ORI 4R
B0 e AR RE, T ST A BA i HE T
PGB T H . B Z4uphkHE B2 & 7 i 4n
AFM, SEM FE AR A B8 i D 124 i, (HL 2 40 T e 25 i
TN RSB, A6 IR, NIE 45 38 4% i 6 B
18 M # JFE R (Transmission-matrix Quantitative Phase
Profilometry, TM-QPP)P™, SZEE TP | =k B 1Y Ji -+
POBHE BRI . Horfr, TM-QPP F H T 30 B A L %
BT R L, W T AN IR SR R G
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BAREVERENT . R | o BB A R AR
T W IEME, I 2 MR AN 5 28 g Ak BT
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T 19 pm BYZKF o R B I R A B LTS, AT
PE— 2P M T — ol A R ) VR R, X
— WL JE T OGRS TR AR 04 22 0 A S R S i
RS i 8 B AR R B B XN R . TM-
QPP AU BE % ARG 1 222 il 25 b B0 = H 2D J= 2

Bl (4 MoS,. MoSe, F1 WSe,) A% J& B 4375, if BE UEHH
Sy HERERER R, WA 14 TR, SEER4E B S AFM 1Y
W 25 R AHAF . 55T A3 0 AFM A L, TM-
QPP Ml A9 A ik 42 & T 100 fi5 . 41, TM-QPP i)
R o o AE AR AT TP R B T AR A A, X ik —
AEH] T TM-QPP 75 R i 1 . e K R Ve R4 5
S T Bz R D

©
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[l 14 (a)~(b) B)2 MoS, [ AFM FI TM-QPP il 12t Ji£ 8 5 18] (LAl R - 2 pm); (¢) B (b) B89 ELT7 23 #75 (d)~(e) 22 )2 WSe, (1) AFM Fll TM-
QPP 4 JFEEEFE A I (LUBIR: 10 pm); (f) 385 3152 X T U] S5 BE T 15 B th B0 L2 S5 SR BEARLAT L, AT AR diiv X3
FZEITNA 1L 2L AL, DRZEL ph X O DI LA J52 B8 A 2 Dk UV Ve e i 1 SCRIK [38])

Fig.14 (a)-(b) The thickness mapping results of a monolayer MoS, sample by AFM and TM-QPP, respectively (scale bars: 2 um); (c) The histogram of

the geometric thicknesses map shown in (b); (d) and (e) The thickness mapping results of a multilayer WSe, sample by AFM and TM-QPP,

respectively (scale bars: 10 um); (f) The geometric thickness values for ii-iv regions can be calculated, and the number of layers for each region

can be determined by comparing the thickness values with the reference values (dashed lines). The error bars indicate the standard deviation

values of the geometric thickness of the corresponding regions”® (figures adapted from reference [38])
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T G T IE 2 RE A T RO T W UE H AR
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rence, Image Stitching, and Convolution, 2DISC) & F
B, i R BRAE A AR B (1 JR B AE 515 S5O0k B AR BB 1)
S E S BT, SEL T 7E S T X 20 nm 58 1Y
S5 B 0 AR, AP 15(a) BT . UKAR, ZHOU 45
#— R T 9nm 17 5109 IDA & [ Bk B A 7
U038 i R e AR E M Y 405 nm R A OB AR,
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Abstract:

Significance

Live-cell imaging techniques offer an analytical platform for investigating cellular structures and

functions, significantly advancing our understanding of disease mechanisms and drug development. The real-time

observation of morphology and dynamics of cellular structures is crucial for studying cell activity and cell-

materials interactions. Dynamic changes in living cells can occur even at the subnanometer level, such as the

minute deformation of the cell membrane during neuronal action potentials. Additionally, to meet the trend of

next-generation atomic manufacturing, nondestructive and accurate in-line characterization is crucial for ensuring

high yields in large-scale manufacturing. However, the widely used metrology tools, such as scanning electron

microscopy (SEM) and atomic force microscopy (AFM), suffer from extremely low measurement throughput and
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may introduce invasiveness to the samples. Interferometric Quantitative Phase Microscopy (iQPM), a label-free
wide-field imaging technique, has been widely employed to obtain morphology distributions and dynamic
changes of samples quantitatively. To satisfy the application demands, the development of high-sensitivity iQPM

is of great significance and importance.

Progress Firstly, the noise sources involved in the phase measurement process are introduced, such as camera
noise (including photon shot noise, dark noise, readout noise), 1/f noise, instability of light source, mechanical
vibrations, and air disturbances. By analyzing these noise sources, the key limiting factors affecting the phase
sensitivity of the iQPM system are discussed, which provides a solid theoretical basis for developing strategies to
improve the phase sensitivity of iQPM. The sensitivity improvement strategies are introduced from the
suppression of environmental noise, detection noise, and speckle noise, respectively. In terms of environmental
noise, the common-path interferometry-based iQPM techniques can effectively alleviate the optical path
difference changes between the sample beam and reference beam due to mechanical vibrations and air
disturbances, thus improving the temporal phase sensitivity. Meanwhile, the noise caused by mechanical
vibrations can be further reduced through the optimized spatiotemporal filtering method. To reduce the influence
of camera noise on phase sensitivity, the methods of increasing the effective well capacity and expanding the
dynamic range have been proposed, enabling the measurement of subtle phase changes. From the perspective of
speckle noise, the proposed strategies aim to superpose images with uncorrelated speckle patterns, which can be
achieved by reducing the illumination temporal coherence and modulating the spatial spectrum of the illumination
light. The high-sensitivity iQPM techniques have been applied in cutting-edge fields such as neuroscience,

atomic-scale material metrology, and wafer defect detection.

Conclusions and Prospects This review summarizes critical strategies that have driven substantial
advancements in the phase sensitivity of iQPM. By employing these methods, the temporal phase sensitivity of
iQPM has been pushed to an impressive 2 pm level. The primary objective of this work is to provide an important
reference for further improvement of phase sensitivity. Notably, current noise suppression-based sensitivity
enhancement strategies are constrained by the inherent photon shot noise, sensitivity improvement methods based
on signal amplification may offer a path to break through the current limitations and achieve higher phase
sensitivity.

Key words: quantitative phase microscopy;  phase sensitivity enhancement;  interferometic microscopys;

weak signal detection
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