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Fig. 1. The evolution of HHG-based coherent diffraction imaging (HHG-CDI).
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Fig. 2. (a)Shanghai synchrotron radiation facility(SSRF); (b) a HHG-EUV/SXR source.
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Fig. 3. The illustration of the three-step Model. The tunneling ionization can occur as the atomic barrier is modulated by the laser

field. Then the electron is accelerated in the electric field; As the electric field is reversed, the ionized electron recombines with the

parent nucleus and radiates its energy as HHG photons, Figure reproduced from Ref. [49].
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Fig. 6. The technical schematic and algorithm flow chart of CDI.
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TN 2 o G Ak SE BRI . Hoppel™ 9596 F 1969 4§ Hij
JEHR I 5CT CDI AN A 1 H AR S (3 9 ] Aty
NEHREEH T Ptychography HIMEE 67). 7E G-S #
WAL IRIE S B T, SR S R E S
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WS (suport )01 1 F 3 7 I8 4 S 45 3 ) e 4 6 07
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7 IAEBR R A, — A BEALSE I B A I 4% 1
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Fig. 7. Diagram of convex-set mapping, a random guess is
first projected to the detector plane constraint set, then to
the sample plane constraint set to finish a full updating
cycle. After many iterations, the solution is found at the in-

tersection of the two constraint sets.
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L ‘l‘
[ = = e e e e
| Iteration i+1 B
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X
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| 2]
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Fig. 8. The iterative principle of Ptychography(ePIE), Fig.8 and Fig.17 reproduced with reference to ref.[71].
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Fig. 9. The coherent diffraction imaging system for a HHG

extreme ultraviolet laser source.
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Fig. 10. Schematic layout of the MEP constraint within the ptychography algorithm!'.
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Fig. 11. Comparison of Ptychographic reconstructions with MEP constraint and without MEP constraint for Zone Plate samples. .
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() [ ) o
Reciprocal lattice

12 (a)Ewald BK; (b) IEH ASTEE S HRIAR (o) A IRIH T (B (b) , (c) 2% 3k [14])
Fig. 12. (a)Ewald sphere; (b)normally incident sample illumination and (b) obliquely incident illumination(panel (b) and panel (c)

refer to the Ref.[14]).
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Fig. 13. Reflection-mode coherent diffraction imaging: (a) measured diffraction pattern on CCD; (b) resampled diffraction pattern in

panel (a); (¢) reconstruction showing the average of all illuminated pillars; (d) atomic force microscope image of similar pillar struc-

turesl'?.
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Fig. 14. Experimental setup for reflection-mode ptychography, diffraction data and ptychographic reconstruction: (a) Representat-

ive diffraction pattern taken from the 90-scan dataset; (b) SEM image of the sample; (¢) reconstructed amplitude of the HHG beam;

(d) Ptychographic reconstruction of the object!'0.
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Fig. 15. (a) Schematic of the experimental layout for dynamic imaging on a tabletop; (b) tt every time delay, the image of the

sample is obtained with Ptychographic CDI; (c) general concept of dynamic imaging experiment; (d) diffraction pattern of the Nick-

el lines on Silicon; (e) plot of the transient signal from diffraction efficiency as a function of pump-probe delay timel?*.
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Fig. 16. Dynamic imaging of acoustic waves in an individual nanostructure: (a) Stroboscopic CDI microscope for dynamic imaging;

(b) reconstructed quantitative amplitude image; (c) height map of the sample obtained from the reconstructed phase image; (d)—(i)

ieconstructed snapshots of the nickel nanostructure thermal expansion and subsequent propagation of acoustic waves in the substrate®?).
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Fig. 17. The ePIE system for partially coherent light.

Pinhole with

Al foil

|° |“l
Short Gas

pulse Shutter Lens 5y Sample

1.0

(b) £
0.8[

0.6}

0.4
. 1/\k
0 = A 1 ! 1 ! Vi

26 28 30 32 34 36 38
Wavelength/nm

Spectral intensity/arb. units

[ 18 &% HHG 2 AR S AME B ZO6IET S iR (a), (b

A

Retrleved images
38.1 nm

1.0
0.8
0.6
. 04F

oL A N
26 28 30 32 34 36 38 40
Wavelength /nm

Spectral intensity/
arb. units

) 6 PR AR B S BURAE B (o), (d) 4 B 10 & )2 A1 RO A
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mode CDI®?; (c), (d) a ptychographic hyperspectral spectromicroscopy with a 4-wavelength comb/®3.
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Fig. 19. Ptychograpic CDI with spatially separate beams: (a)Spectral multiplexing with spatially separate beams; (b) polarization

multiplexing with spatially separate beams/®?].
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Fig. 20. (a) Schematic diagram of SSP-microscope with ray

(b) T ik

tracing;(b)schematic diagram of TIMP based on single-shot

ptychographic microscope!®.
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Fig. 21. Reconstruction of 9 complex-valued objects and probes using OAME: (a) The intensity pattern recorded in a single camera

snapshot; (b) reconstructed frames - complex-valued objects and probes. Each frame is divided to 4 quarters (as marked on the first

frame): top-left is object amplitude, top-right is object phase, bottom left is probe amplitude and bottom-right is probe phasel”.
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E 22 K2 (TifT) M4 %ZERES (I€1T) 9 EUV Ptychography FIZ. 18 HAe, AFM E{R A SEM & & th 7 w5k 179
Fig. 22. EUV ptychography images of the uncoated (top row) and Al-coated sample (bottom row). AFM images and SEM images

are also shown as comparisons!™.
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Fig. 23. Experiment overview and nanostructure imaging: (a) Schematic of the amplitude- and phase-sensitive imaging reflectomet-
er. Zoom-in of EUV ptychographic phase reconstructions of the sample, (b) before and (c) after precise implementation of 3D tilted-
plane correction and total variation (TV) regularization. (d) Entire, wide field-of-view amplitude reconstruction. (e), (f) Character-
istic reflectivity versus angle curves for several materials, showing the sensitivity of EUV light to material composition3?.
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Fig. 24. Spatially resolved, composition-sensitive, 3D nanostructure characterization: Composition versus depth reconstruction in

the (a) higher-doped structures, (b) lower-doped substrate, and (c) higher-doped substrate; (D) zoom-out and zoom-in (inset) of

fully reconstructed sample; (e) topography map obtained by combining the ptychographic phase image with the results of the genet-

ic algorithm; (f) AFM image of the same region".
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Table 1.  Comparison of several nano-imaging techniques commonly used in semiconductor technology.
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INVITED REVIEW

Three-dimensional nano-coherent diffraction imaging
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Abstract

Coherent diffractive imaging (CDI) using ultra-short wavelength light source has become an three-
dimensional(3D) nanoimaging technique. In CDI, a target sample is first illuminated by a coherent EUV and
soft X-ray light, then the diffraction pattern is recorded by using a charge coupled device (CCD), and finally
the image of the sample is obtained based on the pattern by using a phase retrieval algorithm. Of the many
currently available coherent EUV and soft X-ray light sources, the high-order harmonic generation (HHG) is
the simplest in structure, the lowest in cost, and most compact in size. Therefore, it has become the most
promising light source for CDI. Through years of development, HHG based CDI technique(HHG-CDI) has
become an outstanding 3D nano-imaging technique with the advantages of no aberration, no damage, and no
contact either, and it also possesses the extra-capabilities of probing the dynamics, chemical composition and
quantum information in various semiconductor and quantum devices. We believe that the HHG-CDI will soon
become a generic nano-imaging tool that can complement or even replace the matured nanoimaging techniques,

such as atomic force, near field, X-ray, electron, or scanning tunneling microscopes.

Keywords: high order harmonic generation, phase retrieval, coherent diffraction imaging, reflection mode
imaging, X-ray laser, 3D imaging
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