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1. Diffraction mapping and crystal grain
maps




The control and analyzing programs

A suite of programs written with Gatan DigitalMicrograph®©

scripting language.

 Data collection performed in DigitalMicrograph with DigiScan

package_ v Diffraction analysis [= |[0(X]
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Viewer — direct
method to generate

Acquisition program diffraction contrast
maps Analyzer — indirect

methods to generate
3 May 24, 2016 ‘ diffraction contrast maps




Diffraction mapping data collection
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Direct method to extract maps: “Annular DF STEM” and “BF STEM”
(polycrystalline Si)

Annular mask

Reference STEM image

Centered disk mask

“Annular dark field STEM”
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Direct method to extract maps : Dynamic orientation map and a
color-coded orientation map (polycrystalline Si)

Applying multiple off-
centered detectors

Dynamic orientation map:

An animation of sequence of DF STEM
generated by varying the single disk
detector position.

Color-coded orientation map:
The color coded sum of the DF STEM stack.



Indirect method #1, similarity map (polycrystalline Si)

L

Map(x,7) = ) > (DF (i) - DFern (i)
J

DF(x+1,))

similarity map Reference STEM image

Note: The transmitted beam spot is generally omitted to emphasize the DP differences. m
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Indirect method #2: SDB-q map (polycrystalline Si)

Map (X,y) = max[DP(x,y)]

Reference STEM image

Note: The transmitted beam spot is excluded for this process.



Indirect method #3: SDB-g ratio map (polycrystalline Si)

Map(x,y) = max(DP(x,y))/(annular average) <"

SDB-q ratio map Reference STEM image

Note: The transmitted beam spot is excluded for this process.



Indirect method #4: SDB orientation map (polycrystalline Si)

Color lookup

map(x,y) = CLUT(r, 6),
where (r, 0) is from SDB location.

SDB orientation map Reference STEM image
Note: The transmitted beam spot is excluded for this process.
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Indirect method #5: Weighted SDB orientation map
(polycrystalline Si)

A combination of SDB-q ratio and color-coded
SDB angular coordinate maps.

map(x,y) = CLUT(r, 6) - (SDB-g ratio map)

Weighted SDB orientation map Reference STEM image

Note: The transmitted beam spot is excluded for this process.



Putting them together for comparison
(polycrystalline Si, pseudo-parallel beam)

Reference STEM

SDB orientation map Weighted SDB orientation = Dynamic grain map. Color-coded grain map
map
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Application with convergent beam
(polycrystalline Si)

Reference STEM Similarity map

SDB-q ratio map

&

SDB orientation map Weighted SDB orientation = Dynamic orientation map. Color-coded orientation
map map
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2. Rocking beam Tableau DF
Imaging




Schematics of Tableau DF imaging

Through positioning the objective aperture according to a pre-
defined pattern, a sequence of DF TEM is formed.

e WS- ¥
rli AT O

Obj. Aperture

S

__________ g Effective Obj.
Aperture due to
b e beam precession

15 In practice, aperture is fixed and beam is tilted. u
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Ray-diagram of tableau imaging

Electron
beam

O = objective
aperture angle

Objective

aperture o = precession angle

¢ = Azimuth angle

Objective lens
back-focal plane

_______
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The beam actions viewed at back-focal plane

May 24, 2016

during Tableau DF imaging

Fixed obj.
aperture
centered on
optical axis
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The effect of rocking beam

Optical axis
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Minor lattice variation is blurred,
Dynamic effect is reduced.
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The effect of rocking beam - examples

No precession With precession

Due to the rocking beam, the minor variation in reciprocal lattice is
blurred, while the main orientation character is preserved.



Tableau EM control and processing software
]'ﬁ Tableaitci N (=l ‘75 Tableau DF processing: =lol=]

) — Image Setting
— Settings

Get front image | Fieset |

= DF
Imaging Mode: © BF |

= Software package written with i
Gatan DigitalMicrography pcimith Steps: [6 =]
scripting language. L n

Starting Tilk [rrad]; IE.D
= | % |
Tilt Inzrement [rmrad: IIZI.D

v Apply Frecession

Frecezszian tilk [rmrad); I‘I .0
Biiri: |4 VI Exp timelz]: |4.EI

Eup linear increaze slop: 1.5
|7 Track Diift. Expls): I_D.2 " Change Gamma to IIJ.5
[~ Flatten Background (condition below)

— Cantrol Grain Kernal |1 Eka Kermal |4D
I™ Findedge Thieshald [10 [50

Canny threshold iteration I‘IIJ
™ Gaussian Smooth with sigma; |2

Yolume stack zelected:

ITUtaI image if stack =0

Current pozition in stack: j IIJ ﬂ

Images to be zkipped

= Control program to be run in
DigitalMicrography interfaced with
a conventional TEM.

—Image Proceszing Dptions
¥ Remove Moise

™ Remove Backgroud

[ Marmalize contrast

— testing beam tilt

Tilt step [mrad]: IE
# it |0 i |0
Process cument shce |
J Add to color map Undo |
IENENE]
j —Achions
! 7 Add edae
A rat I
' ™ Create a direct sum image
Spin Test | Drewwell Time II:I_I:I1
True it froad)} [0 Calbate | 2|

S pinning &cquire | Feset |

Semi-auto color map |

[ Auta colored map

[ Exclusive coloting in OIM
Threzhold [%] for color map: |1 0

Test curnrent | Duplizate image on top |

Process Stack |
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Calculate Cirift From Top Stack

Create movie from stack, | V¥ Add Scalebar

Apply Dinft Correction To Top Stack

Remove JPGs |
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A dynamic grain orientation map: Tableau DF
animation.

0.2 pm

|
Tableau DF_2
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Grain orientation map based on a tableau dark
field image stack.
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Another example with larger field of view

Tableaw DF



Comparison

From STEM diffraction mapping From Tableau DF Imaging

SDB-q ratio map

o
\

: .l 'gul
Dynamic orientation map. Color-coded orientation map




3. Hybrid Image




The difficulties seeing the 3D NAND structures

Purpose: To see low contrast features and to
enable multi-channel imaging
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Hybrid image

S GIF tools =3 SR
Main | Setting | 2 |
loadthisfie: | | Swichuser | =]
Recording Bining: |2 | ¥ Auo adjust page after reconding
~Camera cortro
Seq? Offset it B )
r  Zewlosss o fio view | Stop | Recod | [05
I~ Silow: [6 o View |  Stop| Recod | 20
I~ OMlow: [ o View |  Stop | Recod | 20
m T4ev: [ [0 View |  Stop | Recod | 20
™ Custom: [0’ [0~ View | Stop| Recod | 20
S e Record Sequential Images | [7 cntage the sequence images
Recard 2Colored | Record 3Colored |
Convert 2Colored | Convert to 3-Colored |
W Keep sequential images
' Addlabels
Colors fop fist) | Red x| |Green x| |Bue |
~FC control

SET walues for cumert Mag => |

Magnification

[F¥]: 0.0 [S¥]: 0.0
[FY]: DO [5Y]: DO

[ACCompA]: 0.0 [ACCompB]: 0.0 Save setting |

<= GET wvalues for cumrent Mag |

Reload setting |

This is a program interfaced with

TEM in EFTEM mode.

The program features

e Saving and loading Gatan GIF
control

e Viewing and recording mode

e Virtual multi-channel camera



4. Random mapping




Random mapping: Data collection

e i e ——

9 Hopping M : ;
fm Hopping Map Drift Correction

Acquisition l View ]

Image Setting
* Random

¥steps |64
Y steps |64

Assign STEM | |

Step Size: [0.0 [ Hopping Map
IV Drift comection Every ’1_ Row
™ No fitter

" Matrix mapping
" Large Step

{* Gaussian
" Sobel
™ Gaussian + Sobel

[ Keep track beam markers

Arquisation Setting

Mapping Cycles ,1_
[ Apply subpixel scan

Get EELS | Exposure (8): [0.01

X 1 =By 1 -

CCD area: 50 nm

Th Lt
B [1024 R [1024
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Comparison between sequential and random mappings

Sequential Mapping Random Mapping

OK Ecg=Mey

May 24,2016




Sparse sampling from random mapping data
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5. Pattern recognition and structural analysis




Task: locate and identify the darkened spots
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Task: locate and identify the darkened spots
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contact intensity reader with dim level below 88%:
- Group [8]:

15, 16%

- Group [1]:

9, 18%

?Sépiii oF This is done with pattern recognition and image

12, 8% registration.
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- Group [3]:

{”E”E} ” The program is built into a robotic crawler going
- Group : . .

(None) through designated folders to find the data and
- Group [5]:

42 49% ' generate reports.
53, 24% M ®
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Task: Characterizing cell buckling
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Visualizing the distance distribution

A neighbor
distribution map
(PDF — pair
distribution function)

A Radial
distribution plot
(RDF — radial
distribution

fungtion)

Mumbe r of particles




Fast algorithms calculating RDF and PDF

(Y17 vyl yl.. y1]
ptyMatrix = ptY X ones = y:Z 1 1 .. 1]= y:Z yZ y:Z
_V.n_ y.n y.n‘ a y.n_
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6. Computer vision used onto TEM - TEM
metrology
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Theoretical foundations

Three theoretical “principles” governing this metrology
method:

1. Symmetrical or non-symmetrical smoothing does not
change edge position when edge finding is based on first
derivative and when there is no neighboring edge. (from
Fourier analysis)

2. Neighboring edges start to interfere edge position when
Gaussian smooth sigma > distance/m. (from Fourier
analysis).

3. Sample thickness and centering invariance. (Developed in
this project).



Edge finding

Straight edge-finding. Intelligent hybrid edge finding

a4 May 24,2016
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Mathematical basis for using reflection point as edge location

100-
original
0- sigma =2
sigma =4
~100- sigma =8
sigma =20
>
g _200- sigma =50
£
-300-
-400-
_500_ T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

A certain degree of smoothing is needed in order to pick out main feature, and
eliminating the complication due to fine features.

If we do not smooth the feature too much (relative to feature size), the refection
point is always a faithful indication of object edge.

May 24, 2016
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Intensity

The limit of smoothing

O criticfal— L/ J
where L is feature length, oy IS the Gaussian
sigma beyond which the edge position is

changed.
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Mass-thickness contrast is suitable for

Image contrast requirement

Phase contrast is not suitable

metrology for metrology

 Low loss EFTEM  HREM of crystalline
 Amorphous material material

» Elemental maps « Bright-field of crystalline
« SEM material



Computer vision based auto measurements

9 Image Wizard =1 Eo ™3
Procerss | Measurement I Objects I Full Auto I
—General Settings
= SEM
" STEM

Get front image Resst |

Scale: ID_ZDSED? nm per pixel

Set scale ROI | Set |
Calibration Line: |4DD_D Unit: |nm

[
— Edge Finder | [ i: |
"

A 1 4
Gaus l?ﬁlmageWizard EI@
I

Procerss Measurement | Objects | Full Auto |

~FFT

EI Convert to Real |
Smooth | Sigma: J I‘I_ j

set peakinding box | W Snap to peak

Find lines |

r Line Measurement

Get Images for Line Measure |

Flip Line | Undo once |
Add eraser box |

 Meod to line
% Group into table

Hash line len (% of image size) |3,1]
Measurementdine Width

T
Fuzzysize:lﬁ— EI

48 May 24, 2016




Increasing data accuracy with linear regression

Statistics based CD measurement:

Edge lines are modeled with linear
regression lines (Yellow) in localized
region (blue).

This is the second step of batch
automation.

Benefits:

* Averaging out statistical variation.
 Tolerance of inaccuracy of measuring
line (Red) position and orientation.
 Best distance based on mathematical
model.

* A certain degree of noise tolerance:
“Bad” lines can be filtered out.




Measurement with linear regression in action

Statistics based CD
measurement - demo:

| * Spatial average is built in.
* Measuring line does not
need to be exact
perpendicular to feature.

* Image noise effect is
averaged out.

e Certain noise lines are
filtered out.

50 May 24, 2016



Artificial filtering

- Pattern recognition based
“Artificial Intelligence

AAicron
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Organize = Share with =
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TEM images are turned into quantitative dataset bearing

critical info about process control.
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