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Intel 10 nm interconnects

Motivation

* State of the art integrated circuits (ICs) have been getting
increasingly complex with extremely small feature sizes
(~10 nm) and many fabrication layers.

e Although patterning these features can be done with
advanced lithography techniques, imaging subsurface
features can be much more difficult.

* Advanced x-ray imaging techniques must be developed to
map 10 nm scale features in a timely manner. Goals here
would include defect analysis, detection of
unknown/unwanted structures, etc.
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* Ideally, such techniques would be non-destructive to the
IC and can be performed with a tabletop instrument.

https://en.wikichip.org/wiki/File:intel interconnect 10 nm.jpg
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https://en.wikichip.org/wiki/File:intel_interconnect_10_nm.jpg
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Instrument

The TOMographic Circuit Analysis Tool
(TOMCAT) consists of the following key

components:
 Scanning Electron Microscope (SEM) E-beam TES x-ray
* Electron beam confined to 100 nm spot column S — spectrometer
or better P LE 7

* Specially designed metal target deposited
directly on the circuit under test
* Small x-ray spot size close to sample
providing high magnification
* (Can achieve sub-beam resolutions using
nanopatterned targets
* Transition-Edge Sensor (TES) x-ray
spectrometer
* Energy-resolved (part per thousand)
single photon detection
* Pixelated array, utilizing spatial
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Approach e [ o—

Layer |Material | yikness | thickness
Si 275 um
Ti 70 nm

Si3Ng 2um

Nb 500 nm |460, 480 nm
5i02 700 nm 625 nm
Nb 500 nm l Y
TES

Use focused electron beam from scanning electron microscope (SEM) to
excite characteristic, traceable x-rays in a target layer.

X-rays travel through the sample and the intensity is attenuated depending
on the x-ray energy and materials in the sample.

Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and
other background radiation.

The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a

tomographic inversion and generate a 3D image.
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Approach o T
Layer |Material| ickness | thickness
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Ti 70 nm
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TES

Use focused electron beam from scanning electron microscope (SEM) to
excite characteristic, traceable x-rays in a target layer.

X-rays travel through the sample and the intensity is attenuated depending
on the x-ray energy and materials in the sample.

Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and
other background radiation.

The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a

tomographic inversion and generate a 3D image.
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Layer |Material| ickness | thickness
Si 275 um
Ti 70 nm
Si3Ng 2um
Nb 500 nm |460, 480 nm
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Use focused electron beam from scanning electron microscope (SEM) to
excite characteristic, traceable x-rays in a target layer.

X-rays travel through the sample and the intensity is attenuated depending
on the x-ray energy and materials in the sample.

Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and
other background radiation.

The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a

tomographic inversion and generate a 3D image.
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3. Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and
other background radiation.

4. The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a
tomographic inversion and generate a 3D image.
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A p p ro a C h _ Nominal | Measured
Layer |Material | thickness | thickness
[ ] Si 275 um
[ Ti 70 nm
Si3Ng 2um
[ | Mb 500 nm |460, 480 nm
[ | 5i02 700 nm 625 nm
[ Nb 500 nm
1.
2.
3.
other background radiation.
4.
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Use focused electron beam from scanning electron microscope (SEM) to
excite characteristic, traceable x-rays in a target layer.

X-rays travel through the sample and the intensity is attenuated depending
on the x-ray energy and materials in the sample.

Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and

The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a
tomographic inversion and generate a 3D image.
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SEM

Approach e FTe—— B
Layer [Material | ypicxness | thickness - -
[ | Si 275 um
(| Ti 70 nm
SiINg 2um
[ ] Nb 500 nm |460, 480 nm
[ ] Sio2 700 nm 625 nm
I Nb 500 nm l]’
TES

1. Use focused electron beam from scanning electron microscope (SEM) to
excite characteristic, traceable x-rays in a target layer.

2. X-rays travel through the sample and the intensity is attenuated depending
on the x-ray energy and materials in the sample.

3. Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and
other background radiation.

4. The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a
tomographic inversion and generate a 3D image.
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Use focused electron beam from scanning electron microscope (SEM) to
excite characteristic, traceable x-rays in a target layer.

X-rays travel through the sample and the intensity is attenuated depending
on the x-ray energy and materials in the sample.

Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and

The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a
tomographic inversion and generate a 3D image.
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Use focused electron beam from scanning electron microscope (SEM) to
excite characteristic, traceable x-rays in a target layer.

X-rays travel through the sample and the intensity is attenuated depending
on the x-ray energy and materials in the sample.

Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and

The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a
tomographic inversion and generate a 3D image.
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Use focused electron beam from scanning electron microscope (SEM) to
excite characteristic, traceable x-rays in a target layer.

X-rays travel through the sample and the intensity is attenuated depending
on the x-ray energy and materials in the sample.

Transmitted x-rays are detected with a TES x-ray spectrometer, and the
energy resolution is used to discern target x-rays from Bremsstrahlung and

The sample stage or electron beam is stepped to get a 2D attenuation map.
Data from different sample rotations are then combined to perform a
tomographic inversion and generate a 3D image.
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Microcalorimeter principles of operat|on
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TES physics
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Voltage-bias
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A TES Current (uA)

0.0 0.5 1.0 1.5
Time (ms)

Absorber coupled to TES to
detect high energy x-rays,
decoupled optimizations!

Tbath < 100 mK
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Readout electronics and multiplexing

Often read out and multiplexed using superconducting

guantum interference devices (SQUIDs)

TES Array  MUX Chip
: Ryes SQUID
Readout

- - 2\ 4
: * s
TES Rah =

Interface Chip

Adapted from Szypryt et al., 2019,
https://doi.org/10.1063/1.5116717
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Time-division multiplexing (TDM) scheme, in which ‘rows’ of
detectors are addressed sequentially, and multiple ‘columns’ of
detectors are read out in parallel. Typical array sizes of 200 or
more TES microcalorimeters!
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Data acquisition and analysis
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Pulse height estimates x-ray energy

TES current signal (rel. units)

T T

— 7369 eV
— 6927 eV
—— 6398 eV
5900 eV
5418 eV
4936 eV
4506 eV

100 ! 1 ) L .
-1 0 1 2 3 4
Time after trigger (ms)
3.67 eV
FWHM Mg Ka
Fit

1235

1240

1245

1250

1255 1260 1265
energy (ev)

1270

1275



Advantages over traditional x-ray detectors

TES x-ray calorimeters are interesting because of their combination of:
. * Collection efficiency comparable to energy dispersive detectors
ener
disperg?:,e * Energy resolution comparable to wavelength dispersive detectors

(SDD.
CCD) x50

NIST’s Most useful so far for:
TES

Photon-starved experiments

arrays
* Dilute samples

x100 ,
or * Time-resolved

more

better

* Broadband synchrotron measurements
wavelength

dispersive * Tabletop spectroscopy (line metrology, EBIT,

(crystals, chemical/nuclear composition analysis, etc.)
gratings)

collecting efficiency

better

* Radiation-sensitive samples

resolving power, E/AE
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Kilo-Counts per 1 eV bin

8

g

g
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Uniquely optimized for high count rates rather than Cryostat
purely energy resolution integrated
Single photon detection of x-rays up to about 12 keV. with SEM

Measured energy resolution of 12 eV at Cu Ka (8 keV)
and rates of 200 counts per pixel per second
~1 ps x-ray arrival time resolution

Single TES
Cu Ka fit AE vs. Count Rate microcalorimeter
20
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Sample preparation

* In first proof of concept measurement,
started with IC at the 130 nm technology
node. Sample consists of 3 viaand 3
metal layers.

* Thinned backside Si of sample down
reduce x-ray attenuation. Remaining
thickness (8.6 um) set to match desired
magnification.

* Single metal slab target layer, using 100
nm Pt to get good contrast of expected
circuit features.

* Also using 60 um glassy carbon submount
for structural support and windowed
graphite puck for sample holder
mounting

ol Sypry, Q61 2022 NIST

8.6 um Si  Spacer

Sample (1C)
Layers

. . BaCkSIde
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Expected structure

3 metal layers connected by vias
Minimum feature in IC = 160 nm vias

Paul Szypryt, QBI 2022
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First via layer

Metal layer 1

Via layer

Metal layer 2

Via layer

Metal layer 3
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Reconstructions

3 metal layers connected by vias
Minimum feature in IC = 160 nm vias

CMP fill (Cu diamonds) not shown in GDS
40x40x80 nm voxels
Lateral resolution sufficient to resolve all features

Paul Szypryt, QBI 2022 N




3,000-pixel TES instrument

Paul Szypryt, QBI 2022
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Primary improvements:

* 3000 TES x-ray microcalorimeters designed to
operate 4-10x faster than the current detectors.

* Microwave SQUID multiplexer readout, which

e Dilution refrigerator to support increased heat
loads of larger detector/readout array,
continuous operation.

* Modular ‘microsnout’ detector & readout
assemblies for simpler build up of the array,
scalable design.

MNational Institute of
Standards and Technology
U.5. Department of Commerce

enables the detector count and speed increases.
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Detector speed and
microwave SQUID
multiplexer readout

* Increasing detector speed by adjusting
heat capacity and thermal conductivity,
aiming for a count rate limit of ~1000
cps/detector before output rate starts
becoming saturated.

* Using 1 MHz resonator width, enough
bandwidth to account for increased
detector speed.

* 6 independent readout channels, each
with 4 GHz bandwidth, 500 detectors per
readout channel.

\/
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J. A. B. Mates et al., 2017
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‘Microsnout’ design
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* Each microsnout is designed to house 250
TES x-ray microcalorimeters and associated
RF-SQUID readout circuits.

* Modular design, can easily scale the number
of microsnouts in the instrument, as limited
by cryostat/SEM space constraints.

* Nominal design for this instrument includes
12 microsnouts = 3000 detectors.

MNational Institute of
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Anatomy of a microsnout

* Each microsnout package
contains the following chips:

Paul Szypryt, QBI 2022

4x uMUX chips

4x interface chips

1x detector array

1x aperture array

RF launch board

PCB for detector bias and flux
ramp signals

1,000+ wire bond connections

AF 4
a 'J':'Jh'

256-pixel
TOMCAT TES
array
(mounted below
aperture array)

- -
ot e L -
e e

" Interface
~  chips

-

RF and DC
launch PCBs
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Readout connections SMP connectors for RE lines

Complete 12 microsnout system will use:
® 6Xx RF line pairs e 1x flux ramp line e 48x detector bias lines

Single TES circuit diagram

TES Array MUX Chip
SQUID
Readout

PCB and base =
Interface Chip = e

30-pin socket strip
Around the corner wire bonding connector for DB and FR

MNational Institute of
Paul Szypryt, QBI 2022 N H Standards and Technology 29
U.5. Department of Commerce



Cryostat/SEM mechanical design

Custom large diameter
10, IR filter design

55
3N
)i

8L«

»

)

Cone vacuum shield design to
conform to shape of stage

12-microsnout
assembly

Large diameter monolithic
Be vacuum windows

120 mm source to
detector separation

\YY

P,
F O}‘;*'Or

e

x _1, -

* Developed vacuum shell and IR radiation and magnetic
field shields that can accommodate 12 microsnouts.

* Cone shape to match the shape of the SEM stage,
minimize distance between the x-ray source and the
detectors to maximize solid angle.

Cryostat and SEM chamber internal views

MNational Institute of
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Windows and filters

Al with C fiber mesh backing vacuum windows
already delivered, to be used prior to receiving
final Be windows.

Paul Szypryt, QBI 2022 N lsr

Robust IR filter containing ~100 nm of Al and 1
mil Kapton backing, high transmission for x-ray
energies important for TOMCAT.

MNational Institute of
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Expected imaging speed improvements

* Increase due to larger array size: - .
256 x12/240=12.8 Efficiency comparison

including filters and absorber
* |Increase due to larger absorber area:

(398 x 528)/(350 x 350) = 1.7 o

* Increase due to thicker absorbers and new 0g{  Cremysem
windows/filters = 2.0 near 10 keV (Pt La)

* Reduction due to increased separation 0.6 1

between detectors and source:
~(75/120)“= 0.4

0.4

Efficiency (%)

Expected imaging speed increase with existing
SEM: ~20.

We note that the detector speed has been increased
to accept even higher x-ray rates, so additional gains

0.2 1

0.0 1

can still be achieved through an electron source 2000 4000 6000 8000 10000 12000 14000
strength increase of ~3 or more ¥
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Current status

* Cryostat mechanical design and buildout has
been completed! Began integration with SEM.

* Finished building out 4 microsnout subarray
(1000 pixels).

e Performing tomography demo with 1000-pixel
system. Preliminary results expected for ASC
2022.

MNational Institute of
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Noise measurements

Noise PSD
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White Noise (uPhi_0/rt-Hz)
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Measuring readout white noise of

about 2-3 u®, /v/Hz, devices
designed to about 10 pA per @,,.
Seeing slightly better readout noise
performance from the MUX chips
with higher critical currents than
designed, working on
understanding this behavior.
Considerable effort has been taken
to isolate cryostat ground from
electronics/earth ground. This can
be seen in the relatively low 60 Hz
noise levels.
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IV Curves

30
IV curves prior to any sort of

o normalization (data coming

10 directly out of the DAQ).

Good indicator of whether a
detector will is behaving

~10 1 properly and able to be read out.
First sweep of half a microsnout
showed working IV curves on
—307 111 out of 124 possible

40 channels, or around 90% vield.

T

—20 4

! ! I I ! !
0 2 < 6 8 10
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X-ray detection

* Began x-ray testing on first microsnout with
external tube source containing copper foil.
* Data acquisition tools use the same
framework as the current 240-pixel system,
but will need to be scaled up for 3,000
detectors and expected x-ray data rates.
* First tests showed a resolution of ~¥11 eV at
Cu Ka (8 keV).
* Some work remaining to optimize
phase correction for detector speed.
* Devices coupled to w4 uMUX chips
displayed better resolution (9 eV).
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summary

1. Developed system that utilizes TES resolving
power to perform x-ray tomography on
microcircuits.

2. Used prototype system to generate first 3d
image of ~160 nm scale features, using voxel
sizes of 40 nm x 40 nm x 80 nm.

3. Building 3000 TES spectrometer upgrade
primarily aimed to reduce collection time.
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