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« X-ray source basics
* X-ray imaging basics
* Some product mentioning, can’t help it

* Imaging examples, not only advanced packaging
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The source for X-ray
Innovation

Entirely devoted to advanced microfocus and
nanofocus X-ray sources
... (and some pure e-beam sources)

Based in Stockholm, Sweden
Established 2007

65+ colleagues
>35in R&D
>10 nationalities
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Video

https://www.excillum.com/the-excillum-metaljet-x-ray-source-technology/



https://www.excillum.com/the-excillum-metaljet-x-ray-source-technology/

ecillum

Some X-ray source
and X-ray imaging
basics
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Larger e-beam & X-ray spot enables higher power

X-ray

Electron focusing optics e-beam
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Larger e-beam & X-ray spot enables higher power

X-ray

Electron focusing optics e-beam
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Larger e-beam & X-ray spot enables higher power

X-ray

Electron focusing optics e-beam
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Smaller spots are typically brighter

6/23/2022

As rule of thumb, power capability is proportional to spot diameter.
And since spot area scale as square of diameter...

eillum

Power [W]

Power vs. spot size

Spot size

Brightness [W/mm?]

Brightness vs. spot size

Spot size

10
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3 ways to acheive high-resolution X-ray imaging

6/23/2022
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#1 - High resolution through high magnification

Sample

\

X-ray source

Detector

Low resolution
T Object -
|_._._ _— .
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#2 - High resolution through high-resolution detector

X-ray source \

—
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Object
T — l

I« — "

High resolution
detector
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#2 - High resolution through high-resolution detector

Sample
X-ray source \
1 5
— =5
(]
()]
Object
l High resolution detectors are typically
——— — & less efficient due to needing very thin
- High resolution scintillators to achieve the high
detector resolution

6/23/2022 )




#3 - High resolution through X-ray optics

Image of
source
X-ray iou rce \ Objective
I X-ray optic
H I zone plate
or
Laue lens
X-ray optic
E.g. zone plate or
Sample multilayer Laue lens knage
e \

Condenser

optic

X

eillum

Detector
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Two different X-ray sources

MetalJet
World’s brightest microfocus X-ray source

3000

Liquid metal-jet anode
technology

2500

2000

1500

1000

Power density [kW/mm?Z]

500

Advanced electron beam
technology

0
0.1
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Brightness

Liquid metal-jet anode

(1:4 line focus)

NanoTube

Solid anode
(round focus) Rotating anode

\ Solid anode ( (1:10 line focus)

(1:10 line focus)
\ \N \

1

10 100 1000

Apparent source diameter [um]
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How to achieve small X-ray spots

X-ray

Electron focusing optics e-beam

6/23/2022 18



eillum

How to achieve small X-ray spots

High precision e-beam

electron focusing optics
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How to achieve small X-ray spots

Diffusing
electrons

High precision e-beam »
electron focusing optics
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X-ray

How to achieve small X-ray spots

High precision e-beam

electron focusing optics
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How to achieve small X-ray spots

High precision e-beam

electron focusing optics
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X-ray

How to achieve small X-ray spots

High precision e-beam

electron focusing optics
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How to achieve small X-ray spots

High precision i »
electron focusing optics e-beam X-ray
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How to achieve small X-ray spots

/Note that electrons are ”lost” in the diamond. A
So smaller spot not always brighter in X-ray.
And stationary anode, not fast moving like
MetalJet.
\_ /
High precision y »
electron focusing optics e-beam X-ray

6/23/2022 Q 25
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Excillum NanoTube N3 160 kV

NanoTube N3

The world’s smallest
X-ray nanospot

Up to 160 kV
24/7 operation




The road to NanoTube N3

NanoTube N2

NanoTube N1

O Launched Aug 2016
] 60 kV
1 Semi-automated

operation

6/23/2022

O Launched Feb 2020
O 60kV&110 kV
O Increased power

O Automated operation

-

eillum

NanoTube N3

O Launched Dec 2021

0 60 kV, 110 kV & 160 kV

O Automated startup and
commissioning after
service

O Optimized for 24/7 in-
line inspection and

metrology

27
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Performance of available three versions

A\ viiii/ /) P
e N
; . l Min. resolution 150 nm // /'

'. : & Max. power on target 24W \\\“ "l//////////é

NanoTube N3 110 kV

/
]

Voltage 40-110 kv
Min. resolution 150 nm
Max. power on target 6.1W
NanoTube N3 160 kV

Voltage 40-160 kv

Min. resolution 150 nm

Max. power on target 11W

6/23/2022
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The right resolution and power - all the time, every day!

Minimum resolution

The NanoTube N3 can consistently reach 200
150 nm minimum resolution across the full 750  Other source #1
voltage range o
The power at a certain resolution and kV is é o ’ —|
always the same over the full cathode = 2%
lifetime 2 400
. . . 350
Performance is identical between different % 300
individual NanoTube N3s o o

150

1g8 NanoTube N3

40 60 80 100 120 140 160
Acceleration voltage (kV)

6/23/2022 29
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Symmetric resolution thanks to astigmatism correction

Before astigmatism correction

!

4 Vertical focus
4" le@« Horizontal focus

N

! Ty Wy o

Elliptical

FWHM, um
)

419%10° 42x10° 421x10°

Focusing current, mA
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Symmetric resolution thanks to astigmatism correction
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Symmetric resolution thanks to astigmatism correction

After astigmatism correction

FWHM, um

222222222
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Control and automation

* Controlling the tube can be done either through the source
GUI or through the APl with text commands over TCP/IP

 The NanoTube N3 lets the user directly control:
— Acceleration voltage
— Spotsize
— Target Power
— Spot position on target
» Parameters automatically set and verified
— No manual fine tuning
» Same performance within cathode lifetime
— No gradual loss of performance

6/23/2022
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m

Vac Beam
Vacuum pressure 2.1e-7 mBar  Energy: 160 keV 160.0 keV
lots E-beam spotsize: 0.30 um 0.31 um
Vacuum pressure [mBar] Target power: 157W  155W
2.14e-7
2.12e-7 Power factor: 100 % 100 %
2.1e-7 Target current: 8.7 uA
20067 Cathode runtime: 167.1h
2.06e-7 Workpoint
2.040:1 Index: 120 120
6m am 2m 0s
Target current [UA] Hor. adjustment: 0.00 um
8,74
8.735 Vert. adjustment 0.00 um
873 Horizontal position 42.0 um
|
8125 | ') Vertical position: 37.9um
832 Runtime: 362h
8.715
P P 2m o's Absorbed energy: 7.5Wh
Servic Climate
l 8 ark ¢ I Cooling: On
I o arge! | Water temperature: o 25.0C 25.0C
e |

Preparation

Commission:

Parametrization:

[

I
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Control and automation -

SRR Beam
* Controlling the tube can be done either through the source sues, ™ EneTgy 160 keV 1600 keV
GUI or through the APl with text commands over TCP/IP = E Enacamciille 0.30-wn S
 The NanoTube N3 lets the user directly control: 20007
. 20687 Target power: 1.57 W 155W
— Acceleration voltage 2oner ]
_ SpOt Size . | Power factor: 100 % 100 %
—_— Ta rget Power 8:: “{ “ Target current: 8.7 UA
— Spot position on target 7 I Cathode runtime: 167.1h
* Parameters automatically set and verified e A T
— No manual fine tuning [ varcavoecnme ] cooo =
« Same performance within cathode lifetime { —— :W“ o
— No gradual loss of performance
o =
Parametrization: Done [ Quick apply setpoints I

l Run commission and parametrization I [ Apply setpoints |

6/23/2022 [ P 1 — .
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Spot stability is important for long CT exposures

Spot drift over 8 hours

0.5
0.4
0.3
0.2
0.1

—X position
—— position

-0.1
-0.2
-0.3
-0.4
-0.5

Spot position [pm]
L)
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#1 - High resolution through high magnification

Some NanoTube examples of high

resolution through high magnification

I
Detector

Low resolution

T Object detector



Demo capability #1 - Electronics/SEMI 2D imaging system

6/23/2022

eillum

A commercial electronics/SEMI
inspection system has been
converted with a NanoTube N3
and is available to
demonstrate 2D and
potentially 3D laminography
Imaging.

37



HBM memory on Nvidia GV100 ecillum

Cross section of older HBM from
NanoTube, 60 kV 0.6 pm 1.45 W, 30 s exposure Hynix with only 4 layers

Micro-bump
v' Diameter 16um
v Pitch 40pm

Underfill
v Thickness 19um

TSV

v' Diameter 6pum
v Depth 46.5um
v Pitch 40pm

Micro-bump

v Diameter 20um
v' Pitch 55um

ih—in—i—lit—

[0 —— [0 —— [ — ——

—\jp—0— —I—
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aN\— -
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=\l =Xl —N ——
119 —— 0 -—il{—1it -
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Logic Die

Interposer

m*

HBM Stack Cross-Section — Optical View

Fig. 6: AMD/SK Hynix HBM Cross-section 38

Underfill
v' Thickness 33um
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e
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-
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T
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Flip-Chip Bump
v Size 100pm
v Pitch 200um
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HBM memory on Nvidia GV100

NanoTube 60 kv

Original Transmission Tube 80 kv

6/23/2022 39



Demo capability #2 - Nano CT system

6/23/2022

eillum

A NanoTube N3 powered
system with a high precision
rotation stage is available at
Excillum for demonstration
of high-resolution
computed-tomography
capability.

Various detectors are
available, but we are also
happy to demo with your
own detector.

40
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Apple A15

in partnership with
Yole SystemPlus
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Apple A15 chip

2D X-ray
overview

998 Q000 0
Lra St

L The sample was
cleaved in half by Yole
SystemPlus in order

to enable higher
resolution

<,
e

9,
oD
o252

.9,
2%,
00,8,
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L ecillum
Apple Al5 side view

Sample placed standing
up using sticky tack.

6/23/2022 48
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Yy

Memory dies

rATT————y

p——y—...__..____

y

‘// \",_1 .'I ,“

IS S S b Sh 4h S S S S0 S0 00 b b 00 0 b I S0 G B & Ah 4 4 B A B B B e

Redistribution layer
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Moving to CT
0 HER B ] Region of interest scanned
38 due to limited height of

detector

.
°
L ]
S

e e

vr

o

Direct Conversion Thor FX20.256 CdTe photoh counting detector
2048'x256 pixels, 100 pm pixel size

50



Closer look at the layers at the bottom of the chip. ecillum

Tracing the circuits in the redistribution layer is a typically challenging task when investigating a
high-density wafer-level chip package

Below is a cross section through these layers. The combined thickness of the layers
is about 30 um. The metal traces in each layer appear to be about 6-7 um thick.




Closer look at the layers at the bottom of the chip. ecillum

After correcting for the slight curvature of the chip the three layers can be nicely separated which should
allow for full tracing of the redistribution layers if all areas are imaged and stitched or a helical CT scan is

performed

Top layer
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HBM2 memory on
Nvidia GV100
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Sample preparation

A relatively small piece was cut from the
GPU using a Dremel and a diamond cutting
wheel.

— 1.5X295X15mm

Stereo microscope X-ray overview

-

PR A o 2
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o

Mounted on sample holder
(black carbon rod has 2 mm diameter)
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Experimental arrangement

e Source: NanoTube N3

* Detector: Dectris Eiger 1M CdTe, 75
um, 1028 x 1063

* LABRT100-S rotation stage

 Source-to-Detector: 343 mm

* Source-to-Sample: between 16.6
mm and 1.9 mm.

6/23/2022 55



Overview scan

16.6 mm source-detector
distance, 1.2 um X-ray spot

Reconstruction to 3.5 um voxels
clearly show all layers and dumps
inside the sample, even the
smallest 16 um bumps in the
HBM2 memory.

3D render of reconstructed volume

HBM2 memory

Silicon Interposer{

Substrate

eillum

Slice through volume showing all layers

Micro bumps
~16 um diameter

Micro bumps
.+~ ,~20 um diameter

C4 Cu bumps
~100 um diameter




ROl scan of HBM2

* 1.9 mm source detector distance, 500 nm X-ray spot
* Slice through volume showing 4 layers of micro bumps and TSV in the HBM2 memory.

* To theupperright one of the micro bumps connecting the memory to the interposer is

seen.

6/23/2022
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ROl scan of HBM2

» Aslice through one of the planes filled with micro
bumps connecting the memory dies show voids in
detail. The smallest voids are less than 1 um.

S i D W

6/23/2022
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3D NAND memory

from
SanDisk 32 Gb microSDHC UHS-I
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ntCT @ Fraunhofer EZRT (Wurzburg)

Commercialized by ProCon X-ray GmbH

Transmission Target b = Optical Microseepe f

=

-~ R " "\, Direct Counting
. & Sample Manipulator Detector
- A >

N
1 L 1
| ) |

% o

2 ‘?

—
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More serious sample preparation

(a)

(b)

6/23/2022 Seite 61
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Dominik Mduller et. al., Crystals 2021, 11, 677 —_—
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Dominik Mduller et. al., Crystals 2021, 11, 677

63

6/23/2022



. . . , ecillum
#2 - High resolution through high-resolution detector

NanoTube can also be used with high resolution
detector scheme - but no examples, sorry.

L]
Detector

Object
T l

'—— — " @

High resolution
detector

6/23/2022
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MetalJet source details

X-ray head

excillum |8
n

Pumps etc. are housed

u Electronics are housed
inal19” box :

-1~ intwo 19” boxes

Chiller, 19” rack mount
" —— orfloor standing

6/23/2022 66
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MetalJet source details

The path of the
continuously recycled
liquid alloy

X-ray head

Advanced electromagnetic
focusing and correctional
optics together with a high
brightness LaB, cathode
results in a very high-quality
e-beam focus

X-rays are emitted from
the interaction point
between the metal-jet and
the e-beam

Pumps etc. are housed

Electronics are housed
ina19” box

i
‘.1~ intwo 19” boxes

Chiller, 19” rack mount
" —— orfloor standing

6/23/2022 67
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Excillum MetalJet E1+ 160 kV

Kilowatt microfocus
performance with
submicron stability.

Built for 24/7

operation with 100%
duty cycle.
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MetalJet E1+ compared to conventional microfocus tube

MetalJet E1+ compared to tungsten-solid-anode X-ray tube

1E+14 :
MetalJet E1+ 160 kV 1 kW (5 keV rolling average)

—— MetalJet E1+ 160 kV 1 kW

1000 W, 30 um spot MetalJet E1+ 160 kV 1E+13 Tungsten solid anade 160 kV 30 W (5 keV rolling average)

——Tungsten solid anode 160 kV 30 W

P

VS. __1E+12
o 9]
30 W, 30 um spot tungsten solid anode S e
i E
5 1E+10
Vs, 1E+09
1E+08
| 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Photon energy [keV]
* 17x more X-ray flux over a broad spectral range MetalJet E1+ 160 kv 1 KW/ tungsten solid anode 160 kV 30W
. S keV rolling average
* 100% more X-ray flux in the spectral range of 24- 120 ( averaes)

29 keV where the indium and tin characteristic E:
emission lines are present 40

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160 170
Photon energy [keV]

6/23/2022 69
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Fully automated for 24/7 operation

As all Excillum MetalJet sources, the MetalJet E1+ summary | states | vocuum | optics | EG
E-beam setpoints
features fully automated X-ray spot control. o . A
i il - w 3
im ialin
; P yd . T — §
esired e-beam spot dimensions == 5 R
and am—p1200  Jum O
. . .. . (ETE— 0 m
desired impact position on the jet \ spot height '
. . Height ey
and the source will automatically set and - .
internally verify those settings. i g
Spot position v um :
Max power at current settings W

6/23/2022 70
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Up to once-per-year maintenance cycles

e-beam profile

S R
o R

The MetalJet E1+ is designed for 100% duty-cycle
24/7 operation at high power.

oo
T

~
T

[}
T

(&)
T

Maintenance cycles are typically driven by cathode
aging. The cathode aging cycle can be tracked for
optimal planned maintenance timing.

SN
T

Power density [W/um]
w

Cathode operating time [h]

N
T

-
T

Typical cathode-replacement intervals: - |

e 1000 W, 30 um spot size: 3-4 months 400 B0 -60 40 -20 [6 | 20 4 60 8 100
X lpm

e 700 W, 30 um spot size: 9-12 months

Example of e-beam focus shape evolution during
6 months continuous operation at 700 W.

6/23/2022 71
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#1 - High resolution through high magnification

Some MetalJet examples of high I

resolution through high magnification -
but not SEMI/electronics, sorry

Detector

T ObjE'Ct detector

III -
/ o
s
3
o)
=
S
=
I




360° / 1s rotation |

Excillum MetalJet E1+
160 kV, 700 W
30 um spot diameter

B
-y

|

| DirectConversion Thor FX20.256

"'ﬂ‘ CdTe photon counting detector
“ P 2048 x 256 pixels, 100 um pixel size

10 Gbit readout




T

g o ]

=1
R Ot e

"ch”,.iu-\ -

SN N ———
Leie ot T LR,

]

Pt A ey
f\o-JnaJ\-(l.lnl\t\ i~

A ‘r\.i
.V.l.. <Y 2R e

P R A SR AU | L

‘J'ﬂl‘i WS T Rt
W s A RN .

S e
i(!lfs‘l‘\\f\ %s‘

P |

-

6/23/2022

74



Electrical vehicle-cell

* Focusingon corner to study overhang
e Same experimental setup
* EV-cell from Golf GTE
— 148mm x 95mm x 26mm
— Panasonic prismatic lithium cell 25ah

6/23/2022
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Value: 0.0000

X 0.00

Y. 0.00

Z:0.00

CMVV: 34982.6484 7 26331.0254

Yalue: 0.0000

X 0.00

Y. 0.00

Z:0.00

CMV: 34982.6484 / 26331.0254

L]

Screenshot | MPRICIip | Show MPR | Fullscreen | [ Measurement Mode || [ Screenshot | MPRICIip | Show MPR [ Fullscreen| Measurement Mode |

Size: 1200312003 300

Value: 24370.8301
CVV: 36654.1797 /30008.783

X 1110.48

Y: 499.66

Z:263.48

CMV: 34982.6484 1 26331.0254

sgesyistor| pPRICIip | Show MPR | Fullscreen | [ > Measurement Mode | | | Clip | crop [vRT | [screenshot|wn [Funscreen [ Lens | [cB[cBinv|cBReset| g8
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#2 - High resolution through high-resolution detector

MetalJet with high resolution detector scheme -
but also not SEMI/electronics, sorry

L]
Detector

T Object
'
' ———— &

High resolution
detector




MetalJet enables phase-contrast microscopy

In the imaging system offered by
G EXCISCOPE, the MetalJet
sources enable high-resolution
phase-contrast imaging with
reasonable exposure times

6/23/2022
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Phase contrast image on Exciscope system

0.6 um voxel size

1.0 um system resolution
(determined by phantom)

6 h scan time

Sample courtesy: University of Basel

Syncrotron benchmark at TOMCAT beamline (PSlI)

B L

. ik, 0.325 um voxel size

5% S 5 1.8 um image resolution

IR P p— —
ﬁ‘i‘\ B, f”-‘ﬁ ; (fourier domain estimation)
‘ 9 S5 [ (@' 0.15hscantime
N2 ﬁ

bl U ¥
\ »
Ny o Y

.
, Ny

A. Migga, et. al. Proc. SPIE 11840

The zebrafish is an important and widely
used vertebrate model organism.




. . . ecillum
#3 - High resolution through X-ray optics

MetalJet example with X-ray optics based high
resolution scheme
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Transmission

. . ecillum
Ga gives excellent Si/Cu contrast

MetalJet D2+ installed in Zeiss Xradia Ultra

Filter transmission, 0.2 um filter

Copper Ka Gallium Ka

2000 4000 6000 8000 10000 12000 14000
Photon Energy {EV] Image courtesy of Carsten Gundlach of Imaging at DTU, Denmark
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Xray Tomography of a 90 nm Cu process ecillum

(18x7 stitched overlapping tomographies)
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Xray micrograph of one of the reconstructed layers

all layers. This illustrates a 2D representation of one
XRM2018 M. Sutherland (DMEA) et layer




Thank you for listening!

bjorn.hansson@excillum.com
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